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ABSTRACT 
Our motto “Use it and boost it” suggests that stimulating experiences enhance 
neural functioning.  Previous work has shown that cognition is enhanced by mental and 
physical activities.  The current research examines the molecular mechanisms 
underlying cognitive and physical activity-induced enhancements in cognition.  We 
found that cognitive and physical activity increased BDNF protein, BDNF-TrkB 
signaling, and BDNF release in the hippocampus and striatum.  Our studies show that 
priming the brain with cognitive and physical activities enhance hippocampus- and 
striatum-sensitive learning via BDNF-TrkB signaling. In addition, we found that physical 
activity increases BDNF release in the striatum before and during task learning and in 
the hippocampus during task learning. To further identify the cell signaling mechanisms 
supporting cognitive activity-induced learning enhancements, we investigated how 
BDNF-TrkB signaling and learning contribute to GSK3β inhibition in the hippocampus 
and striatum.  We found that GSK3β inhibition in the hippocampus and striatum 
increased following place and response training, but not the priming task SA. 
Furthermore, we found no effects of blockade of BDNF-TrkB signaling on GSK3β 
inhibition in the hippocampus and striatum.  Thus, BDNF-TrkB signaling induced by 
cognitive priming is modulating place and response learning enhancements via non 
GSK3β-related mechanisms. Taken together, our results show that the molecular 
mechanisms underlying our motto of “Use it and Boost it” are functioning via use-
induced increases in BDNF release, and signaling in the hippocampus and striatum.   
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CHAPTER 1: 
BACKGROUND AND SIGNIFICANCE 
 
Learning how to learn 
 “If you can change your mind, you can change your life” –William James 
In 1890, William James originated the idea of “metacognitive experiential learning”.  
This theory focused on learning from experience.  Our lives are spent going from 
experience to experience, learning new information along the way, and with each new 
experience we behave differently than we would have had we not had the prior 
experiences.   
Thus, experience primes future experience, but how, at a cellular level? Is it 
something specific about each experience that prepares us for future experiences? Or 
is it just engaging in the experience in itself that allows for changes in our brain and thus 
our behavior? Throughout this dissertation I will be unable to directly ask or answer 
these questions; however, I will attempt to offer further support of his theory via 
analyses of cellular adaptations in neural systems that take part in learning.  I 
hypothesize that priming the brain with cognitive and physical activity can up-regulate 
BDNF release and signaling to support the functioning of neural systems (i.e. Use it and 
boost it).   Our “Use it and Boost it” theory builds on James’ idea of metacognitive 
experiential learning: learning new information improves future learning due to 
increases in BDNF signaling in primed neural systems.
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Boosting and testing multiple memory systems  
“There is more than one kind of learning” (Tolman, 1949) and multiple memory 
systems support different learned behaviors. In the current research, food motivated T-
mazes measure learning performance in the hippocampus-sensitive place task and the 
striatum-sensitive response task.    In rodents, the contributions of the hippocampus to 
place learning and striatum to response learning have been demonstrated by lesions 
(McDonald and White, 1993; Chang and Gold 2003b; Chang and Gold 2004), 
neurochemical shifts (Chang and Gold 2003a; Chapter 4; Gold et al., 2011; Gold et al., 
2013; Korol, 2004; Pych et al., 2005a; 2005b), and activity-dependent cell signaling 
cascades (Colombo et al., 2003; Pisani et al., 2012). There is a plethora of evidence 
supporting the hippocampus and striatum as competing memory systems (for review 
see Poldrack and Packard, 2003). For example, lesion studies have found that 
inactivation of the hippocampus not only impairs place learning but also enhances 
response learning and vice versa for inactivation of the striatum (McDonald and White, 
1993; Chang and Gold 2003a; 2004). Extracellular acetylcholine, glucose, lactate, and 
BDNF increase in the hippocampus compared to the striatum when a rat engages in 
place strategies and in the striatum compared to the hippocampus when a rat engages 
in response strategies (Gold et al., 2011; Newman et al., in prep; Pych et al., 2005a; 
Chapter 4).  On the other hand, studies of estrogen effects on learning and memory 
point to independent functions of the hippocampus and striatum to regulate place and 
response learning (Zurkovsky et al., 2007). Alternatively, elctrophysiological studies 
point to collaborative functions of the hippocampus and striatum during place and 
response learning.  Both the hippocampus and striatum increase neural activity during 
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place and response tasks.  Furthermore, both the hippocampus and striatum increase 
neural activity in response to both movement and spatial cues (Yeshenko et al., 2004). 
The current research provides support for the hippocampus and striatum as 
competing, independent, and collaborative memory systems. We report evidence of the 
hippocampus and striatum working independently, with cognitive and physical activity 
enhancing both place and response learning in the absence of apparent competition. In 
addition, cognitive and physical activities increase BDNF protein content, signaling, and 
release in both the hippocampus and striatum (Korol et al., 2013; Chapters 2-4).  
However, we have neurochemical data supporting competition between the 
hippocampus and striatum. Specifically, BDNF release patterns are significantly 
different in the hippocampus and striatum during place and response learning. BDNF 
release in the hippocampus is higher during place learning compared to response 
learning and higher in the striatum during response learning compared to place learning 
(Chapter 4). In addition, we have evidence of the hippocampus and striatum working 
collaboratively. In Chapter 5, we found that following place and response training, the 
activity-dependent inhibition of glycogen synthase kinase 3β (GSK3β) was increased in 
both the hippocampus and striatum.  
Cognitive and physical activity globally enhance learning and memory 
Across a variety of learning and memory tasks, physically active animals excel 
compared to sedentary controls (Chapter 2, Erickson et al., 2011; van Praag et al., 
2005; Korol et al., 2013; Colocombe and Kramer, 2003). And the cognitive benefits of 
physical activity continue throughout old age (for review see Churchill et al., 2002). Like 
physical activity, engaging in cognitive activity early in life supports learning and 
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memory enhancements across the lifespan. In Snowden’s Nun study, a study of 687 
elderly nuns, those with higher linguistic ability early in life were less likely to suffer from 
cognitive decline during aging, and less likely to have neuropathological hallmarks of 
Alzheimer’s disease (Riley et al., 2005).   
Cognitive training of certain tasks enhances future behaviors that rely on 
previously practiced domains of cognition (Harlow, 1949; Ericsson & Chase, 1982; 
Kleinknect et al., 2012; Ball et al., 2002).  For example, rats trained in a complex spatial 
environment acquired the spatial version of the swim task faster than controls (Moser et 
al., 1994). Like physical activity, the effects of cognitive training on cognition are not 
age-limited; cognitive training during old age also enhances cognition in the elderly.  
Elderly adults engaged in strategy training for memory, reasoning, or speed of 
processing skills showed reliable enhancements in cognitive tests specific to the trained 
skill set for up to 2 years following training (Ball et al., 2002). On the other hand, 
cognitive training via working memory testing is beneficial for a variety of tasks that tap 
multiple domains of cognition (Chien and Morrison, 2010; Jaeggi et al., 2008; Chapter 3; 
Light et al., 2010 Matzel et al., 2011; Korol et a., 2013).  
Environmental enrichment (EE), which is a stimulating environment full of novel 
objects, exercise wheels, and social interactions, globally enhances cognition 
(Greenough et al., 1969; 1972; Krech et al., 1962; van Praag et al., 2000; Leggio et al., 
2005) and globally changes the chemistry and structure of the brain (Bennett et al., 
1964; Landers et al., 2011; Mychasiuk et al., 2014; Mora et al., 2007; Diamond et al., 
1967; 1964; Globus et al., 1973; Krech et al., 1960; Leggio et al., 2005). EE, containing 
both cognitive and physical activity, is a perfect example of the “Use it and Boost it” 
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theory in action. For example, priming with EE enhances spatial learning (Leggio et al., 
2005; Toscano et al., 2006), working memory (Hoplight et al., 2001), object recognition 
memory (Tees, 1999), and motor learning (Lonetti et al., 2010).  In addition, the 
neurobiological data from EE animals report increased neurotrophic factors—
specifically brain-derived neurotrophic factor (BDNF) and fibroblast growth factor (FGF) 
in the hippocampus and cortex (Ickes et al., 2000; Cao et al., 2004), increased 
angiogenesis (Black et al., 1987; Sirevaag et al., 1988; Cao et al., 2004), increased 
hippocampal neurogenesis (Kempermann et al., 1998), and increased dendritic 
arborization and spine density (Leggio et al., 2005; Volkmar et al., 1972; Moser et al., 
1994).  Interestingly, all the EE-induced changes in the brain are also observed 
following physical activity, cognitive activity, or both (Gomez-Pinilla et al., 1997; van 
Praag et al., 1999; Neeper et al., 1995; Klintsova et al., 2004; Cotman and Berchtold, 
2002; Eadie et al., 2005; Isaacs et al., 1992; Black et al., 1990; Mizuno et al., 2000 
Berchtold et al., 2005; Korol et al., 2013; Chapters 2 and 3).     
Although studies have attempted to separate the roles of cognitive and physical 
activity on the structural changes that occur due to EE (Black et al., 1990; Issacs et al., 
1992; Anderson et al., 1994; Lambert et al., 2005), it has been difficult to identify one or 
both components of EE (cognitive or physical activity) as an underlying cause of EE-
induced learning enhancements. For example, EE increases synapse formation and 
capillary density due to cognitive and physical activity, respectively (Black et al., 1990; 
Moser et al., 1994).  Importantly, BDNF-TrkB signaling is an important modulator of both 
synaptogenesis (Haraguchi et al., 2012) and angiogenesis (Kermani and Hempstead, 
2007). 
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Evidence from our studies suggests that cognitive and physical activity enhance 
learning via a reliance on BDNF-TrkB signaling (Korol et al., 2013; Chapters 2 and 3). In 
Korol et al., 2013 (data presented in Chapters 2 and 3), both cognitive and physical 
activity independently enhanced place and response learning. Hippocampus and 
striatum infusions of the TrkB inhibitor, K252a, attenuated cognitive and physical 
activity-induced enhancements in place and response learning. In Chapter 4, we report 
that physical activity increased BDNF release in the hippocampus during place learning 
and in the striatum before and during response learning. BDNF release in the 
hippocampus and striatum was also increased due to the cognitive priming task, 
spontaneous alternation (SA), which we used for our studies in Chapter 3 (unpublished 
data, Figure 1.1).  Taken together, our findings from Chapters 2-4 show that both 
cognitive and physical activity enhance place and response learning and increase 
BDNF protein content, signaling, and release in the hippocampus and striatum.  
Cognitive and physical activity stimulate BDNF-TrkB signaling, which supports 
future cognitive activity 
BDNF has long been acknowledged as an activity-dependent protein, with its 
gene expression and release modulated specifically by learning and/or increases in 
neural activity (Chapter 4; Kuczewski et al., 2008; Aicardi et al., 2004; Zafra et al., 1990; 
Kesslak et al., 1998; Castren et al., 1992).  For example, physiological and 
electrophysiological stimulation of neurons in vitro results in increases in BDNF mRNA 
transcripts and extracellular mBDNF levels, indicating activity-induced increases in 
secretion, expression, and signaling of mBDNF (Lu, 2003; Schwartz et al., 2011; 
Kuczewski et al., 2008;Zafra et al., 1990; Balkowiec and Katz, 2000; Hartmann et al., 
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2001). Notably, engaging in cognitive and physical activities induces rapid and durable 
increases in mature BDNF (mBDNF) protein and signaling in the brain (Chapter 2 and 
3; Kim et al., 2012; Berchtold et al., 2005; Hall et al., 2000).   
BDNF release is both constituitive and regulated (for review see, Lessman and 
Brigadski, 2009). Constituitive release of BDNF is unaffected by increases in neuronal 
activity, while the regulated release of mBDNF is activity-dependent (Hartmann et al., 
2001; Canossa et al., 1997; Goodman et al., 1996).  The activity-dependent release of 
BDNF is especially important for learning and memory, and for the beneficial effects of 
physical activity on learning and memory (Erickson et al., 2013; Egan et al., 2003). For 
example, a single nucleotide polymorphism in the BDNF gene (Val66Met) results in an 
inability to sort BDNF into the regulated release pathway (Chen et al., 2004).  Thus, 
Val66Met individuals have learning and memory deficits, are immune to the cognitive-
enhancing effects of exercise, and are more likely to suffer form neurodegenerative 
disease (Erickson et al., 2013; Egan et al., 2003; Lim et al., 2014; Ventriglia et al., 2002; 
Hariri et al., 2003).  
In this dissertation we—in the first experiments ever to do so— demonstrated the 
cognitive and physical activity-dependence of BDNF. In Chapter 4, we developed a 
method to measure BDNF release in vivo in awake, behaving animals. We found that 
the cognitive and physical activity-induced increases in BDNF release are specific to 
neural sites involved in the activity (see Chapter 4). Other studies have corroborating 
evidence of the cognitive and physical activity dependence of BDNF release and 
signaling. For example, BDNF mRNA and protein levels increase in the hippocampus 
and striatum immediately following learning (Kesslak et al., 1998, Kim et al., 2012; Hall 
 8  
 
et al., 2000; Mizuno et al., 2000; Chapter 3; Korol et al., 2013; Figure 1.2). During 
exhaustive exercise, and following endurance training, plasma levels of brain-derived 
BDNF increase in the periphery (Rasmussen et al., 2009; Seifert et al., 2010). The 
hippocampus increases BDNF mRNA following physical activity (Neeper et al., 1995; 
Neeper et al., 1996) and both the hippocampus and striatum have increased mBDNF 
protein concentrations following both physical and cognitive activity (Chapters 2 and 3; 
Kim et al., 2012; Hall et al., 2000; Ding et al., 2004b; Korol et al., 2013).  Furthermore, 
cognitive and physical activity-induced increases in BDNF protein persist for several 
hours following the activity (Berchtold et al., 2005; Kim et al., 2012; Chapter 3).  Given 
that increases in neural activity lead to increases in BDNF protein and proteins 
downstream of the BDNF-TrkB signaling pathway (Molteni et al., 2002), it is likely that 
activity-induced increases in BDNF support future neural activity. The studies presented 
in this dissertation report that priming the brain with cognitive and physical activity 
increases a reliance on BDNF-TrkB signaling during probe tasks, and that this 
increased reliance on BDNF-TrkB signaling is a modulator of activity-induced learning 
enhancements (Korol et al., 2013; Chapters 2 and 3). In addition, we found that BDNF 
release in the hippocampus is higher in physically active rats that were the best place 
learners (Chapter 4). The data from this dissertation support a role for the rapid, not 
trophic, effects of BDNF-TrkB signaling during learning in activity-induced learning 
enhancements.  
Rapid effects of BDNF-TrkB signaling during and following increases in neural 
activity 
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Many of the rapid signaling cascades downstream of BDNF-TrkB are associated 
with enhanced learning and memory processes and neural plasticity. For example, rapid 
signaling events associated with BDNF-TrkB lead to increased AMPA receptor 
concentrations on the post-synaptic membrane (Du and Poo, 2004), intracellular 
calcium (He et al., 2005; Fenner et al., 2012; Du and Poo, 2004), ERK activation (Ji et 
al., 2010; Johnson-Farley et al., 2007), neurotransmitter release (Lessman and 
Heumann 1998; Knipper et al., 1994; Sala et al., 1998; Santafe et al., 2014; Tyler and 
Pozzo-Miller, 2001; Numakawa et al., 1998; Du and Poo, 2004), dendritic protein 
translation (Schratt et al., 2004; Yin et al., 2002; for review see Bramham and 
Messoudi, 2005), and BDNF release (Bramham and Messoudi, 2005; Canossa et al., 
1997). In addition, BDNF- TrkB activates  PI3K/Akt (Yamada et al., 1997; Yamada et al., 
2001), leading to increased glucose use (Burkhalter et al., 2003) and inactivation of 
GSK3β (Li et al., 2007; Hoppe et al., 2013).  Thus, activity-induced increases in BDNF 
protein and signaling likely support and initiate molecular changes that prime the neural 
systems that were in “use” for a “boost” when engaged in the future.   
Pharmacological activation of the TrkB signaling cascade prior to task acquisition 
enhances memory (Andero et al., 2011). The timing of agonist administration (1 hr prior 
to learning) suggests that acute signaling and not trophic effects of TrkB receptor 
activation mediate memory enhancements. Careful analysis of the TrkB signaling 
pathway could point to one, some, or all the different rapid signaling cascades 
downstream of TrkB activation (i.e. increased intracellular [Ca++], ERK activation, 
increased energy availability, and/or inhibition of GSK3β).  There is a large literature 
implicating GSK3β hyperactivity as an indicator of decreased cell health and impaired 
 10  
 
learning and memory (Hernandez et al., 2002; for review see Jope and Johnson 2004; 
Hooper at al., 2007a; 2007b). It is our hypothesis that BDNF-TrkB signaling mediates 
the effects of activity-induced learning enhancements by inhibiting GSK3β.   
GSK3β, originally discovered as a regulator of glycogen synthesis, is a 
constitutively active protein kinase with almost 100 substrates including tau and β-
catenin (Sutherland et al., 2011).  Inactivation of GSK3β, which is beneficial for learning 
and memory processes (Hooper, 2007; Peineau, 2007), stimulates glycogen synthesis 
in astrocytes (Heni et al., 2011; Sanchez et al., 1998) and neuroprotection and 
neuroplasticity mechanisms in neurons (Chin et al., 2005; Peineau et al., 2007). On the 
contrary, hyperactivity of GSK3β results in learning and memory deficits (Lucas et al., 
2001; Wagner et al., 1996; Rubinfeld et al., 1996, Hernandez et al., 2002) and studies 
have found that pharmacological inhibition of GSK3β in animals with Alzheimer’s-like 
deficits does indeed improve memory (Sereno et al., 2009; Ponce-Lopez et al., 2011).   
Given that BDNF protein content, release, and signaling increase following 
cognitive and physical activity, it is likely that GSK3β inhibition is occurring as well. I 
hypothesized that GSK3β inhibition is a possible target in the BDNF-TrkB signaling 
pathway by which cognitive and physical activities are able to enhance future learning. 
Others have found that long-term treadmill exercise increases GSK3β inhibition in the 
hippocampus (Bayod et al., 2011; 2014). Our results (described in Chapter 5) found that 
place and response learning, but not SA testing, increased GSK3β inhibition in the 
hippocampus and striatum. Given that BDNF is increased in the hippocampus and 
striatum following SA testing, and the mechanism by which priming with SA testing 
enhances place and response learning is via BDNF signaling (Chapter 3) it was 
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surprising to see no effect of SA testing on GSK3β inhibition. However, there was no 
effect of BDNF-TrkB signaling on GSK3β inhibition in the hippocampus or striatum of 
place or response trained rats. Thus, other signaling cascades downstream of BDNF-
TrkB signaling are likely modulating the effects of cognitive priming on place and 
response learning.  
BDNF-TrkB signaling modulates many cellular activities, in both neurons and 
glia. Although neurons and glia both respond to BDNF via TrkB receptors, and induce 
similar intracellular cascades, they do so via different mechanisms. Neurons 
predominantly express full-length TrkB receptors, which rely on mBDNF binding to the 
receptor, leading to dimerization, and tyrosine kinase-mediated autophosphorylation of 
the receptor complexes. Autophosphorylation of TrkB receptor initiates downstream 
cascades within the neuron. However, glial cells express truncated TrkB receptors (Biffo 
et al., 1995; Klein et al., 1990), which do not have phosphorylation sites and thus do not 
dimerize.  Instead in glia, a conformational change in the truncated TrkB receptor upon 
mBDNF binding activates a G-protein (Gq), leading to PLCγ activation, which increases 
intracellular calcium concentrations ([Ca2+]) (Rose et al., 2013; for review see, Fenner, 
2012).  In glia, increases in intracellular [Ca2+] initiate many of the TrkB signaling 
cascades present in neurons (Figure 1.3).  The tyrosine kinase inhibitor, K252a, used in 
our studies (Chapters 2, 3, and 5) acts on the full-length version of the TrkB receptor 
(i.e. the neuronal subtype).  Thus, the effects on cognition induced by K252a treatment 
in our experiments will mainly affect neuronal TrkB signaling due to the inhibition of 
tyrosine kinase activity on the full-length TrkB receptor.  Given that we do see 
behavioral changes due to K252a treatment in rats primed with cognitive and physical 
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activity (Chapters 2 and 3), we can link the priming effects of BDNF-TrkB signaling on 
probe tasks through neuronal, and not glial, BDNF-TrkB signaling. It is possible that the 
cognitively primed rats treated with K252a did not show decreases in GSK3β inhibition 
in the hippocampus and striatum due to GSK3β inhibition in the glia (that would be 
unaffected by K252a treatment). Perhaps, maintained GSK3β inhibition in glia, 
overshadowed neuronal GSK3β inhibition in primed K252a-treated rats in Chapter 5. 
The mechanism of BDNF release differs across neural systems, in particular the 
hippocampus and striatum.  In cultured hippocampal neurons BDNF releases into the 
extracellular space from activated neurons, both pre and post synaptically (Hartmann et 
al., 2001; Balkowiec and Katz, 2002; for review see Edelmann et al., 2014). Thus, 
BDNF-TrkB signaling in the hippocampus is magnified, happening both pre- and post-
synaptically.  This reciprocal release and signaling of BDNF by communicating neurons 
is hypothesized to potentiate the synaptic signal (Bramham and Messoudi, 2005).  
However, in cultured striatal neurons, BDNF release occurs only from the presynaptic 
neuron (Jia et al., 2010); thus BDNF-TrkB signaling in the striatum occurs 
anterogradely, acting on the postsynaptic neuron.   Currently it seems unclear why the 
hippocampus and striatum engage in different mechanisms of BDNF release or if these 
differences have relevance in mediating the effects of BDNF on learning.  These data, 
however, do support our findings of larger quantities of BDNF protein in tissue 
homogenate and extracellular fluid in the hippocampus compared to the striatum 
(Chapter 3 and Chapter 4).  
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Summary 
BDNF-TrkB signaling has a demonstrable role in learning and memory as well as 
long-term potentiation (LTP), a now accepted cellular model of learning and memory, in 
both the hippocampus and striatum (Lu, 2003; Gottschalk et al., 1999; Jia et al., 2010 
Korte, et al., 1995; Korte et al., 1998; Linarrson et al., 1997; Mu et al., 1999).  Despite 
the aforementioned differences in BDNF-TrkB signaling across neural systems and cell 
types, it is a goal in my dissertation to uncover the role of BDNF-TrkB signaling in the 
hippocampus and striatum in cognitive and physical activity-induced learning 
enhancements.  Given that BDNF is an activity-dependent protein it is likely that the 
signaling mediated by BDNF-TrkB during and following activity is the mechanism 
supporting cognitive and physical activity-induced learning enhancements. 
I argue that increases in BDNF tissue content, release, and signaling, observed 
during and immediately following cognitive or physical activity prime the brain for future 
learning.  In the following studies, I explored the role of BDNF signaling underlying 
learning enhancements induced by cognitive and physical activity.  In these 
investigations I used methods to measure place and response learning; hippocampal 
and striatal BDNF content, release, signaling; and inhibition of GSK3β.     
The “use it and boost it” theory proposes that regularly engaged neural systems 
induce adaptations that enhance future functioning.  Thus, engaging in an experience 
provides us with the molecular machinery to support better learning in the future.   As 
discussed above, increased BDNF signaling enhances learning and memory (Chapters 
2, 3 and 4; Korol et al., 2013; Andero et al., 2011; D’Amore et al., 2013). Thus, it is likely 
that increases in BDNF-TrkB signaling, due to frequent use of neural systems (i.e. prior 
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experience), are able to bolster the future functioning of often used neural systems.  
The following sets of studies offer a neurotrophic mechanism to support the theory of 
“use it and boost it”. 
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FIGURES 
 
Figure 1.1 BDNF release in the hippocampus and striatum during spontaneous 
alternation testing. BDNF release increases in the hippocampus and striatum during 
SA-testing. Following SA testing, ECF BDNF levels in the hippocampus remain 
elevated, while the striatum decreases back down to baseline. N=3 for striatum and 
hippocampus. 
 
 
 
 
 
 
 
 16  
 
 
 
 
Figure 1.2 mBDNF tissue content in the striatum after response training. 
Following response training, mBDNF concentrations in the striatum significantly 
increased compared to naïve controls. *= p<0.05. N=8 for Naïve; N=9 for 
response trained. 
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Figure 1.3 BDNF-TrkB signaling in the neuron versus the astrocyte. TrkB receptors 
are found on both A) the neuron and B) the astrocyte. Signaling in A) the neuron is 
initiated via mBDNF binding to the TrkB receptor, and subsequent dimerization of the 
ligand-receptor complexes. The dimerized BDNF-TrkB receptor complex activates 
tyrosine kinases on the intracellular domain of the receptors leading to receptor 
autophosphorylation, thus initiating signaling cascades (ERK, increases in intracellular 
[Ca2+], and PI3K/Akt). On the B) astrocyte, the TrkB receptor is truncated and lacks an 
intracellular domain.  Thus upon mBDNF binding to the receptor, no dimerization or 
autophosphorylation takes place. Instead, ligand binding initiates a morphological 
change in the receptor causing the activation of a G protein (Gq), which activates PLCɣ, 
leading to an increase in intracellular [Ca2+].  Increases in intracellular [Ca2+] allow for 
the activation of TrkB signaling cascades such as PI3K/Akt and ERK.  
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CHAPTER 2: 
BDNF SIGNALING DURING LEARNING MODULATES EXERCISE-INDUCED 
LEARNING ENHANCEMENTS  
 
ABSTRACT 
 Regular physical activity increases brain-derived neurotrophic factor (BDNF) in the 
hippocampus and striatum.  Given the reported role of BDNF as an important modulator 
of learning and memory processes, we examined the effects of three weeks of voluntary 
exercise on striatum-sensitive response learning and hippocampus-sensitive place 
learning, and whether changes in mature BDNF (mBDNF) signaling mediated these 
effects. Three-month-old male Sprague-Dawley rats were exposed to voluntary wheel 
running or sedentary conditions.  In the first experiment, physical activity enhanced 
learning in both place and response tasks and increased protein levels of mBDNF in the 
striatum and frontal cortex.  The second experiment tested the role of BDNF-TrkB 
signaling in the learning enhancements observed after voluntary wheel running.  We 
infused K252a, an inhibitor of TrkB signaling, or vehicle into the hippocampus 30 min 
before training on a place task or into the striatum 30 min before training on a response 
task. Infusions of K252a attenuated the exercise-induced place and response learning 
enhancements.  Importantly, K252a treatment in sedentary rats failed to impair learning.  
These data extend findings of exercise-induced cognitive enhancements to striatum-
based tasks and point to the importance of BDNF-TrkB signaling during learning as a 
candidate mechanism for exercise-induced cognitive enhancements.  Our results 
suggest that rapid downstream consequences of mBDNF signaling are likely mediators 
of exercise-induced learning enhancements.  
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INTRODUCTION 
Many studies demonstrate that the brain in particular benefits from physical 
activity, and by extension so do learning and memory processes.  However, only certain 
aspects of cognition have been heavily studied, most often involving tasks that rely on 
intact hippocampal and frontal cortical functioning.  For example, physically active 
rodents and humans show significant enhancements in spatial learning and executive 
function tasks compared to sedentary or relatively less fit controls (Anderson et al., 
2000; Griffin et al., 2009; 2011; Colocombe and Kramer, 2003).  
Because the neurobiological consequences of physical activity span many 
processes, from increased angiogenesis, to potentiated neurotransmission, to activation 
of molecular pathways, there is no obvious or single mechanism identified to underlie 
exercise-induced improvements in cognitive ability. However, through many different 
approaches, neurotrophic factors such as BDNF, have become widely accepted  
components of molecular cascades mediating physical activity-induced cognitive 
enhancements (for reviews see Hennigan et al. 2007; Cotman and Berchtold, 2002; 
Gomez-Pinilla, 2008; Kramer et al. 2006; Lojovich, 2010; Beckinschtein et al., 2011).   
Despite the continued attention to BDNF, it is unknown if the trophic effects of 
BDNF signaling during the exercise regimen  setup changes in the brain or if the rapid 
effects of BDNF-TrkB signaling during cognitive testing provide activational changes in 
the brain to support exercise-induced enhancements in learning  and memory. Inhibition 
of BDNF-TrkB signaling during the exercise period can test for the importance of the 
trophic effects of BDNF on cognition. Using immunoadhesion chimera against the TrkB 
receptor (TrkB-IgG), mBDNF can be functionally sequestered to reduce signaling 
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through TrkB receptors.  Unilateral intrahippocampal treatments of TrkB-IgG just prior to 
three days of voluntary exercise attenuated exercise-induced enhancements in spatial 
learning and memory and reversed the exercise-induced increases in BDNF and TrkB 
receptor mRNA (Vaynman et al., 2004). Thus, signaling through the TrkB receptor 
during exercise seems to prime the brain for enhanced future learning. However, it 
remains unclear whether the lack of mBDNF signaling imposed by the TrkB IgG during 
the exercise regimen decreased BDNF expression prior to learning, which, in turn, 
would lead to decreased BDNF-TrkB signaling during cognitive testing.  Bekinschtein et 
al., 2011, proposed that the increased BDNF signaling during cognitive testing, in itself, 
produces improved learning and memory in physically fit animals (see commentary by 
Bekinschtein et al, 2011). A major goal of the current study was to test if BDNF-TrkB 
signaling during learning is supporting exercise-induced learning enhancements.  
Here, we assessed the effects of voluntary wheel running on hippocampus- and 
striatum-sensitive learning, mBDNF content, and signaling.  The first experiment 
evaluated the effects of three weeks of voluntary wheel running on learning place and 
response versions of a maze and on mBDNF content in the hippocampus, striatum, 
frontal cortex, cerebellum, and olfactory bulb of untrained rats. The second experiment 
used intrahippocampal and intrastriatal infusions of a TrkB inhibitor, K252a, just prior to 
maze training to test if BDNF-TrkB signaling during learning contributes to exercise-
induced enhancements of cognition. 
 
 
 
 21  
 
METHODS 
Subjects  
Three-month-old, male Sprague-Dawley rats were obtained from Harlan 
Laboratories.  Upon arrival, rats were housed singly in clear plastic cages (~48 cm L x 
26 cm W x 21 cm H) with free access to food and water and kept on 12/12 hr light/dark 
cycle.  
         Experiment 1 timeline. Rats were randomly assigned to sedentary (Sed) or 
voluntary exercise (Ex) experimental groups. At least one week after arrival in the 
vivarium, rats in the Ex group were placed in a cage with free access to a running wheel 
(Figure 1) for three weeks.  Sed rats remained in their home cage.  During the last 
seven days of the exercise period, rats were placed on food restriction to reduce body 
weights to 80-85% of free-feeding weights.  Place task or response task training 
(described below) took place 21 days following running wheel access.  Thus, there were 
two activity conditions for each task:  Ex (n=10 for place learning; n=14 for response 
learning) and Sed (n=11 for place learning; n= 12 for response learning).   Immediately 
after training, rats were overdosed and brain tissue was harvested for analysis of 
mBDNF concentration.  An untrained subset of rats (sedentary n=9; exercise n=8) was 
killed 21 days following wheel access without training on the place or response tasks to 
determine differences in the levels of brain mBDNF between exercise and sedentary 
conditions in rats that had not received maze training.  
          Experiment 2 timeline.  At least two days after arrival and acclimation to the 
vivarium, rats underwent cannula surgery.  One week later, Ex rats were placed in clear 
plastic cages with free access to running wheels for three weeks.  Sed rats remained in 
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their original cages. During the last 7 days of the exercise period, rats were placed on 
food restriction to reduce body weights to 80-85% of free feeding levels. Three weeks 
after access to running wheels, rats were trained on the place or response task. There 
were four experimental groups for each training task. Rats trained on the place task 
received intrahippocampal infusions of the TrkB antagonist K252a or vehicle 30 min 
prior to training; the following treatment groups were tested for place learning: Ex 1) 
vehicle (n=13) or 2) K252a (n=11), and Sed 3) vehicle (n=10) or 4) K252a (n=8). Rats 
trained on the response task received intrastriatal infusions of K252a or vehicle 30 min 
prior to training; the following treatment groups were tested for response learning: Ex 1) 
vehicle (n=7) or 2) K252a (n=7), and Sed 3) vehicle (n=7 ) or 4) K252a (n=8). 
Immediately after training, rats were overdosed and brain samples were harvested to 
assess cannula placement. 
Running wheels 
All rats in the Ex groups were singly housed and given access to running wheels 
(Lafayette Instruments Co.) for 21 days. Running wheels were constructed of stainless 
steel with a 35.5 cm diameter, with a mesh patterned running surface with a width of 
10.9 cm.  The running surface was composed of 1.5 mm rods connected by 7.9 mm 
centers with a 6.3 mm gap. Transparent plastic walls enclosed the wheels. A 
rectangular guillotine-style door was built into the wheel and connected to the cage to 
restrict or allow access into and out of the wheel. The wheel sat above a steel tray 
(~40.5 cm L x 36 cm W) to collect animal debris.  The cages were attached to wheels 
via short stainless steel tunnels (Figure 2.1).  In a separate room, a computer recorded 
running distances.  Wheel revolutions were tracked using the Activity Wheel Counter 
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(Lafayette Instruments Co.).  Each wheel revolution was equal to 1.1 meters.  Data 
were collected once every four hours and analyzed off-line. 
Cannula implantation 
Rats in Experiment 2 were anesthetized with 2-3.5% isoflurane and received 
30,000 units of penicillin (i.m.; Dura-Pen; Henry Schein, Inc., Indianapolis, IN, USA) and 
injections of Rimadyl (5 mg/kg, s.c.) for analgesia prior to stereotaxic surgery. Sterile, 
stainless steel guide cannulae (22 gauge, 6 mm; Plastics One, Inc., Roanoke, VA, USA) 
aimed either at the dorsal hippocampus (AP −3.8, ML ±2.5, -1.9 mm ventral to dura) or 
the dorsal striatum (AP +0.2, ±ML 3.6, -2.8 mm ventral to dura), were implanted 
bilaterally in all rats in Experiment 2 (Figure 2.2). Coordinates were chosen based on 
reports from our lab demonstrating drug and hormone actions in the hippocampus and 
striatum on place and response learning (Zurkovsky et al., 2006; 2007; 2011; Newman 
et al., 2011) and were adapted from the atlas of Paxinos and Watson (1986). Four 
stainless steel screws were placed into the skulls for anchors and the assemblage was 
cemented in place with dental acrylic. To keep cannulae open, 28 gauge stylets 
(Plastics One, Inc.) cut to the length of the guide cannulae were inserted at the time of 
surgery, checked daily, and removed only during the central infusions.  
Drug infusion 
          In Experiment 2, rats trained on the place maze received intrahippocampal K252a 
or vehicle infusions while those trained on the response maze received intrastriatal 
infusions. Thirty min prior to training, rats received bilateral infusions (0.5 µl in 1 min) of 
vehicle (50% dimethyl sulfoxide (DMSO) and artificial cerebrospinal fluid (aCSF) in mM: 
128 NaCl, 2.5 KCl, 1.3 CaCl2, 2.1 MgCl2, 0.9 NaH2PO4, 2.0 Na2HPO4, 1.0 dextrose) or 
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K252a (25 µM) in 50% DMSO/aCSF.  A CMA microdialysis infusion pump was used to 
deliver K252a or vehicle through a 29-gauge needle attached to a 10 µl Hamilton 
syringe. The needle was left in place for 1 min to await diffusion away from the infusion 
site.  
Place and response maze training  
Rats were trained on either a place or response task.  To motivate maze learning, 
all rats were food-restricted to 80-85% of their free-feeding weight during the seven days 
prior to training.  In addition to receiving their daily ration of rat chow, rats also received 
Frosted Cheerios ©, the food to be used later as the reinforcement during maze training, 
to reduce neophobia during training.  
Place and response training were done using a four-arm, plus-shaped maze 
configured into a “T”, similar to tasks used previously (Korol and Kolo, 2002; Canal et al., 
2005; Zurkovsky et al., 2007; 2011).  Both tasks require rats to determine the location of 
a food reward (half of a Frosted Cheerio ©). Rats trained on the place task learned to 
locate the food reward based on extramaze cues (i.e. east or west arms; Figure 2.3A) 
while rats trained on the response task learned to locate the food reward using 
egocentric body movements (i.e. right or left turns; Figure 2.3B).  
Rats were trained between three and eight hours after the start of the light cycle.  
Untrained rats used in Experiment 1 were treated the same as place- and response-
trained rats but were not exposed to the maze environment or training.  Thus, these 
untrained rats were exposed to sedentary or exercise conditions for 21 days, and food-
restricted for seven days prior to sacrifice, which occurred between three and eight 
hours after the start of the light cycle.   
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Training apparatus and environment  
The full length of each alleyway composing the T-maze was 104 cm.  Each of the 
four arms was 13 cm wide and 18 cm high.  Each individual arm was 46 cm in length 
and the center of the maze (where all four arms converged) was 12 cm2.  The maze 
walls were constructed of black, ¼ in Plexiglas® and the floor of black, matte 
Plexiglas®.  Mazes were affixed to a rotating platform (46 cm diameter) that enabled the 
rotation of the maze between trials using preset stops at 90o intervals.  In addition, 
plastic food receptacles with inaccessible food rewards were attached to the ends of 
each maze arm.  Odor cues of the food reward in each arm and rotation of the maze 
between trials diminished the use of inadvertent intramaze cues to solve the task. In the 
place training condition, the room contained several 2- and 3-dimensional extramaze 
cues.  In the response training condition, ceiling-to-floor curtains surrounded the maze to 
minimize extramaze visual cues.  A lamp with indirect lighting was placed in each corner 
of the room provided symmetrical ambient light.  A fan was turned on to mask building 
noise.  
Training procedure  
         On the day of training, rats were placed in a cage with fresh bedding and without 
food or water and were left in the training room for 15 min to allow acclimation to the 
training environment.  For each rat, start arms were quasi-randomized across twenty 
trials, such that each start arm (“north” or “south”) was used for 10 trials.  For the place 
task, the goal location (east or west) and for the response task, the direction of body turn 
(right or left) was counterbalanced across rats within a treatment condition. 
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          A trial started when a rat was placed in the start arm and ended after all four 
paws entered the choice arm. When the rat chose the reward arm, it remained there 
until eating was complete and was removed from the maze before exiting the choice 
arm.  If the rat chose the incorrect arm, it was allowed to remain for approximately 5 sec 
or until it turned to exit, before being returned to the holding cage for the intertrial 
interval of 30 sec.  Maximum choice time was 2 min; if a rat failed to make a choice it 
was returned to the cage for the inter-trial interval and marked as an omission.  
Omissions were not included in the total number of recorded correct and incorrect 
choices.  
 All rats in Experiment 1 were trained to 75 trials. In Experiment 2, place trained 
rats were trained to 100 trials and response trained rats were trained to 75 trials.   
Immediately after training, rats received an overdose of sodium pentobarbital (75 
mg/kg).  After reflexive movements were no longer evident, rats were decapitated 
(Experiment 1) and tissue was collected for biochemical assessment.  Rats in 
Experiment 2 were transcardially perfused and brains were collected for determination 
of cannula placement. 
Post-sacrifice tissue preparation 
Experiment 1. Immediately after training, brains were harvested, dissected on ice, 
flash-frozen within 150 sec with dry ice, and stored at -80oC. The samples were 
homogenized on ice in a lysis buffer (58 g NaCl, 157.6 g Tris-HCl, 65.01 mg NaN3, 
dissolved in 1 L deionized water) and dissolved protease inhibitor tablets (Roche 
Diagnostic Corporation, Indianapolis, IN).  Specifically, brain samples from 
hippocampus, striatum, frontal cortex, cerebellum and olfactory bulb with lysis buffer 
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were added to borosilicate glass tubes (Wheaton Industries, Inc., Millville, NJ) and 
pulverized 25 times using polytetrafluoroethylene pestles (Thomas Scientific, 
Swedesboro, NJ).  After homogenization, the samples sat on ice for 5 min, were 
transferred to a microfuge tube, and were centrifuged with a Centra MP4R (International 
Equipment Company, Nashville, TN) at 4oC for 15 min at 6,700 x g.  The supernatant 
was collected and stored at -20oC until assayed for protein content and mBDNF using 
an enzyme-linked immunosorbent assay (ELISA).  
Experiment 2. Following transcardial perfusion with 0.1 M phosphate buffered 
saline (PBS) and 4% paraformaldehyde (PFA), brains were removed and stored in 4% 
PFA in 0.1 M phosphate buffer overnight and then cryoprotected with 20% glycerol.  
Brains were sectioned for cannula histology.  Sections containing cannula tracts were 
mounted on gelatin-coated slides and stained with cresyl violet. Sections were 
inspected for cannula placement and damage extending beyond the cannula site. Only 
rats with accurate bilateral cannula placements and without excessive damage were 
included in the final analyses (n=5) (Figure 2.2).  
Protein assay          
 The protein concentrations of the samples were determined using a Micro-BCA 
assay kit (Pierce, Rockford, IL).  Each tissue sample was diluted 1:3 with the lysis 
buffer.  Standards (25 µl) ranging from 0 µg/ml to 2000 µg/ml and diluted samples (25 
µl) were added in triplicate to a 96-well microtiter plate.  A working reagent (100 µl) was 
added to each well and incubated at 37oC for 30 min.  After incubation, the plate was 
cooled to room temperature (21oC).  Absorbance at 570 nm was then measured in a 
ThermoMax microplate reader using Ascent software (Fischer Scientific, Pittsburgh, 
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PA). 
BDNF ELISA 
Sandwich-style ELISAs were performed using the BDNF Emax ImmunoAssay 
System kit (Promega, Madison, WI) according to manufacturer’s instructions to detect 
mBDNF. The absorbance was read at a wavelength of 450 nm (within 30 min of 
stopping the reaction) in the ThermoMax microplate reader with Ascent software 
(Fischer Scientific, Pittsburgh, PA).  
mBDNF content was interpolated from standard curves conducted on each plate 
(ranging from 0 –500 pg/ml for BDNF). To adjust for differences in the total levels of 
protein across samples, the mBDNF protein value was divided by the total sample 
protein value to determine pg of mBDNF per µg of protein.  To compare values across 
experiments and brain regions, concentrations were converted to percent change of 
sedentary controls. 
To determine the recovery rates of mBDNF for the homogenization protocol 
across the brain regions assayed, a spike and recovery assay was performed on the 
hippocampus, striatum, frontal cortex and cerebellum samples.  Spiked samples were 
compared to unspiked samples and the recovery rates were calculated. Our spike and 
recovery assay revealed a 69% recovery rate for the hippocampus, a 62% recovery rate 
for the striatum, a 55% recovery rate for the frontal cortex, a 73% recovery rate for the 
cerebellum. 
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Statistical analysis 
 A repeated measure one-way ANOVA was used to compare running distances 
across the 21-day period in striatum- and hippocampus-implanted rats. 
 Learning was defined by the number of trials to reach the criterion of 9 correct 
trials out of 10 with at least 6 consecutive correct trials, and by percent correct across 
blocks of training trials.  Because some rats in Experiment 1 failed to reach the learning 
criterion within the maximum of 75 trials given, the data were not normally distributed.  
Therefore, non-parametric Mann-Whitney tests were performed to make pair-wise 
comparisons of the exercise treatment. A repeated measure one-way ANOVA was used 
for accuracy across place and response learning. Simple regressions were performed 
to test for correlations between running distance and trials to criterion in the place and 
response tasks. The effects of the exercise treatment on the mBDNF content in the 
hippocampus, striatum, frontal cortex, cerebellum and olfactory bulb were analyzed 
using Student’s t-tests.  
  In Experiment 2, the main effects of the K252a and exercise treatments on trials 
to reach criterion in place and response learning were analyzed using non-parametric 
Mann-Whitney tests to make comparisons across drug and exercise treatments.  
Statistical significance was set at alpha = 0.05.  
 All procedures followed the institutional and federal guidelines and were 
approved by the IACUC at the University of Illinois Urbana Champaign. 
RESULTS 
 All rats given access to a running wheel ran substantial distances in their wheels. 
On average, the distance run per week increased dramatically throughout the exercise 
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period.  In particular, during the third week of wheel running when rats were placed on a 
7-day period of food restriction, the rats significantly increased their running distances. 
On average, rats in Experiment 1 ran about 5 km the first week, 7 km the second week, 
and 20 km during the third week during food restriction (Figure 2.4A).  Hippocampus-
implanted rats (Figure 2.4B) in Experiment 2 ran distances similar to those of 
unimplanted rats in Experiment 1.  However, striatum-implanted rats ran significantly 
(F(1,20)=2.63, p<0.01) shorter distances overall compared to other rats (Figure 2.4C).  All 
rats showed qualitatively similar changes in running across the three-week exercise 
period (Figure 2.4A, 2.4B, 2.4C). 
 Three weeks of voluntary access to running wheels enhanced the speed of 
acquisition in both the place and response versions of the mazes.  Acquisition of the 
place task was faster in the rats allowed to exercise for 21 days.  The Ex rats 
demonstrated significantly fewer trials to reach criterion than did the Sed rats 
(U10,11=18.5; p<0.05; Figure 2.5A). The exercise-induced enhancement in learning was 
also seen in the striatum-sensitive response task.  There was a significant decrease in 
the number of trials to reach criterion in the Ex compared to the Sed rats (U12,14=38, 
p<0.05; Figure 2.5C).  
  The learning curves reflecting changes in percent correct across training 
revealed exercise-mediated increases in speed of learning that aligned with reductions 
in trials to criterion.  We found a main effect of treatment in rats that were place trained 
(Ex vs. Sed; F(1, 19)=8.06; p<0.01; Figure 2.5B) such that the Ex group had more correct 
trials across the training session than did the Sed group. Parallel findings were reported 
in the response task, with a slight difference between the exercise treatments and 
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accuracy across training (F(1,23)=1.92; p<0.2; Figure 2.5D).  For both place and 
response learning tasks there was a reliable increase in the number of correct trials 
across the individual training sessions for all rats regardless of exercise condition 
supported by a main effect of trial block (Figure 2.5B, F(14, 266)=10.22; p<0.001; Figure 
2.5D, F[6,138]= 41.5; p<0.0001).  
 Examination of the learning curves for rats completing place (Figure 2.5B) and 
response (Figure 2.5D) tasks reveals two different patterns of effects of exercise.  For 
place learning, differences between Ex and Sed rats emerged late in training, seen by 
significant differences between exercise conditions in percent correct in the second half 
of training (first half: F(1,20)=0.12, p>0.2; second half: F(1,20)=8.8, p<0.01).  In contrast, 
exercise-related differences in the response task were evident at the onset of training, 
with significant differences between groups observed only in the first half of training (first 
half: F(1,23)=4.03, p<0.05; second half: F(1,23)=1.8, p<0.2) . 
 The running distances of place trained rats correlated significantly with trials to 
criterion in the place task (R2=-0.52, p<0.02; Figure 2.6A). Rats that ran farther 
distances over the 3-week running period learned the place task in fewer trials than rats 
that ran less. The same was true for the response task, running distances correlated 
significantly with trials to criterion on the response task (R2=-0.44, p<0.01; Figure 2.6B).  
Rats that ran the farthest during the 3-week running period learned the response task in 
fewer trials than rats that ran less.  
 In general, brains from Ex rats had increased tissue content of mBDNF per unit 
protein compared to tissue from Sed rats.  Significant elevations in concentrations of 
mBDNF were observed in the striatum and cerebral cortex, but not the hippocampus, 
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cerebellum, or olfactory bulb, each of which showed increases that did not reach 
statistical significance (Figure 2.7).  Specifically, the Ex rats had approximately 25% 
more mBDNF in the hippocampus compared to the Sed controls but this increase did 
not reach significance (t13=1.63, p<0.1; Figure 2.7A). Compared to Sed rats, Ex rats had 
more than 50% increased concentrations of mBDNF in the striatum (t14=2.75, p<0.01; 
Figure 2.7B) and frontal cortex (t12=3.7, p<0.01; Figure 2.7C).  In the cerebellum, Ex 
rats had up to 40% more mBDNF compared to the Sed controls but this increase also 
did not reach statistical significance  (t14=1.77, p<0.1; Figure 2.7D). The mBDNF content 
of the olfactory bulb in Ex rats was higher than, but not statistically different from levels 
found in Sed rats (t10=0.68, p>0.2; Figure 2.7E). Raw values of mBDNF in the 
hippocampus averaged 44± 8 (pg BDNF/mg protein) in exercise and 32±5 (pg 
BDNF/mg protein) in sedentary rats.  In the striatum, mean values of mBDNF were 
17.7±1.7 (pg BDNF/mg protein) in Ex rats and 14.8 ±1.6 (pg BDNF/mg protein) in the 
Sed rats. 
 Results from Experiment 1 demonstrate that three weeks of voluntary wheel 
running enhances learning in both the place and response versions of a 4-arm maze. In 
addition, voluntary exercise led to global increases in mBDNF compared to the Sed 
rats.  We tested if/how increased mBDNF plays a role in the exercise-induced benefits 
in place and response learning by blocking BDNF-TrkB signaling during learning.  
Blockade of TrkB signaling by K252a attenuated the robust enhancements in 
place and response learning by exercise, but did not impair learning in sedentary rats.  
For the place task, pair-wise Mann-Whitney analyses on trials to criterion data revealed 
significant effects between groups (Figure 2.8A). Replicating our findings from 
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Experiment 1, the Ex vehicle-treated rats showed a significant reduction in the number 
of trials to reach criterion compared to the Sed vehicle-treated rats (U10,13=33, p<0.05).  
Ex rats treated with intrahippocampal K252a required significantly more trials to reach 
criterion compared to Ex rats treated with vehicle (U13,11=31; p<0.05; Figure 2.8A). 
Furthermore, Ex K252a-treated rats learned the place task after a similar number of 
trials as did the Sed vehicle-treated control rats. Importantly, there was no significant 
difference in the trials to reach criterion between Sed rats treated with K252a and Sed 
rats treated with vehicle (U10,8=24, p>0.05).    
Parallel results were obtained following striatal treatments in the response task, 
with an even more robust enhancement of learning in rats with voluntary access to 
wheels.  The Ex rats with intrastriatal vehicle treatments learned the response task in 
fewer trials than did the Sed rats with vehicle treatments (U(7,7)=2; p<0.01; Figure 2.8B).  
As observed with intrahippocampal K252a and place learning, intrastriatal K252a 
treatment reversed the exercise-induced enhancement in response learning. Ex rats 
receiving K252a infusions required significantly more trials to learn the response task 
compared to Ex rats with vehicle treatments (U(6,7)=3; p<0.01; Figure 2.8B).  
Surprisingly, in Sed rats, intrastriatal K252a infusions produced a significant reduction in 
trials to criterion (Sed-vehicle vs Sed-K252a, U(7,8)=5.5; p<0.01; Figure 2.8B).  
 Thus, for the place task, hippocampal K252a attenuated the exercise-induced 
enhancements in learning and had no effect on learning in the sedentary rats. In the 
response task, K252a treatment also attenuated exercise-induced enhancements in 
learning, but in addition, enhanced learning in sedentary rats.  
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DISCUSSION 
Taken together with previous studies, these findings suggest that the exercise-
induced enhancements in cognition are modulated by BDNF-TrkB signaling at the time 
of learning.   
 The place learning enhancements induced by physical activity support previous 
findings showing exercise-induced improvements in spatial learning or memory using 
the 8-arm radial maze (Anderson et al., 2000), the swim task (Fordyce and Farrar, 
1991), spontaneous alternation (Hall et al., 2014), object recognition (Hopkins et al., 
2010; O’Callaghan, et al., 2007), and the Barnes maze (Wong-Goodrich et al., 2010; 
Jacotte-Simancas et al., 2013).   The exercise-induced enhancements in response 
learning fit into earlier work showing that physical activity increases angiogenesis and 
BDNF protein content in the striatum (Marais et al., 2009; Ding et al., 2004). Also in the 
current study, exercise robustly increased mBDNF concentrations in the striatum, likely 
supporting increases in BDNF-TrkB signaling during response learning in exercise rats.  
 Rats with striatum implants (in Experiment 2) ran less than unimplanted rats in 
Experiment 1 and hippocampus-implanted (Experiment 2) rats.  All rats did show 
increased running distances from the first to the third week of wheel access.  However, 
the fact that the enhancement of response learning was particularly robust in 
Experiment 2 despite the lower running distances also suggests that even relatively low 
levels of exercise support response learning enhancements.  In Experiment 1, running 
distances over the 3-week running period correlated with place and response learning 
scores. In addition, others have found that increased running does correlate with 
increases in BDNF mRNA expression (Neeper et al., 1996) and protein levels in the 
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hippocampus (Johnson et al., 2003; Cotman and Berchtold, 2002). Thus, there may be 
a threshold level of physical activity necessary to facilitate striatum-sensitive learning.   
 In untrained physically active rats, mBDNF concentrations increased in all regions 
measured but the increases only reached statistical significance in the striatum and 
frontal cortex. The mechanism for BDNF degradation is guided by sortilin (Evans et al., 
2011) and higher quantities of sortilin are found in the hippocampus and olfactory bulb 
than in the striatum, frontal cortex, or cerebellum (Sarret et al., 2003). Thus, it is 
possible that mBDNF degrades more rapidly in the hippocampus and olfactory bulb 
than in other brain regions, leading to less robust exercise-induced differences in tissue 
content. 
 Robust increases in BDNF protein and BDNF mRNA in the hippocampus have 
been reported after one week or more of wheel running (Neeper et al., 1996; Oliff et al., 
1998; Russo-Neustadt et al., 2001; Adlard et al., 2005).  It is possible that longer or 
more intense exercise exposures are necessary to see significant elevations in the 
hippocampus; rats used here ran relatively little in the first week with running distances 
increasing incrementally over the three-week access period.  Furthermore, previous 
studies tested for total BDNF protein and mRNA while our assays measured the 
cleaved, mature form of BDNF.    Of note, a large amount of BDNF found in the 
hippocampus is made and stored in the premature state as proBDNF until sufficient 
activation cleaves proBDNF into mBDNF for release (Nagappan, et al., 2008).  Thus, it 
is possible that exercise-induced increases in hippocampal BDNF synthesis and 
storage reported by others (Neeper et al., 1996; Adlard et al., 2005) supports increased 
BDNF release during learning. If we had taken measurements of mBDNF protein during 
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or following place learning it is likely that we would have seen increases in hippocampus 
mBDNF levels in exercise rats compared to sedentary rats. It is unclear if increased 
mBDNF  in the striatum reflects an increase in mBDNF storage, allowing for increased 
BDNF release during response learning or if mBDNF is constantly elevated and 
released in the striatum of physically fit rats, regardless of learning.    Currently studies 
are underway to measure BDNF release in the hippocampus and striatum of exercise 
and sedentary rats before, during, and following place and response learning.  Given 
the findings of the current and past studies, we hypothesize that during place learning 
BDNF release is increased in the hippocampus of exercise rats.   
More direct evidence for a role of BDNF in exercise-induced facilitation of 
learning comes from our findings from Experiment 2. K252a treatment attenuated 
learning enhancements in physically active rats and did not impair learning in sedentary 
rats.  Our findings with K252a suggest that exercise exerts its cognition-enhancing 
effects through BDNF-TrkB signaling at the time of training; regardless of the status of 
previously induced neuroplasticity such as neurogenesis and angiogenesis (van Praag 
et al., 1999; Isaacs et al., 1992; Marais et al., 2009; Ding et al., 2006).  Our working 
model is that three weeks of wheel running increases mBDNF content, which in turn, 
supports increases in BDNF-TrkB signaling during learning, thus enhancing learning.  
The importance of BDNF signaling for supporting learning and memory processes have 
been repeatedly shown in previous studies. For example, treatment with anti-sense 
BDNF oligonucleotides impairs reference and working memory in the radial arm maze 
(Mizuno et al., 2000) and memory in the inhibitory avoidance task (Ma et al., 1998).   In 
addition, pre training infusions of anti-BDNF antibodies impairs memory formation in the 
 37  
 
passive avoidance (Alonso et al., 2002) and inhibitory avoidance task (Alonso et al., 
2005). Taken together with past studies, the current findings highlight the necessity of 
BDNF-TrkB signaling during, not prior to, learning to support exercise-induced learning 
enhancements.   
BDNF-TrkB signaling has long been regarded as a potent modulator of learning 
and memory. There are many reports of increased BDNF mRNA expression, mBDNF 
protein, and TrkB phosphorylation during and following learning in the brain areas 
specific to acquisition of particular tasks (Ma et al., 2011; Kim et al., 2012; Gomez-
Pinilla et al., 2007; Alonso et al., 2002; Kesslak et al., 1998).  When mBDNF binds to 
TrkB pre-synaptically, it modifies neurotransmitter release and potentiates synaptic 
transmission (Gottschalk et al., 1998).  Postsynaptically, mBDNF increases intracellular 
Ca2+ concentrations and induces gene expression of proteins such as synaptobrevin, 
synaptophysin (McAllister et al., 1999), synapsin (Vaynmann et al., 2004), Ca2+ 
/Calmodulin-dependent protein kinase II (CamKII) (Vaynman et al., 2007) and 
importantly, the TrkB receptor (Liu et al., 2009; Vaynman et al., 2004).  Because 
exercise increases BDNF -TrkB signaling, physically fit rats have upregulation of the 
TrkB receptor, BDNF, and intracellular components of the TrkB signaling cascade 
(Vaynmann et al., 2004; Vaynmann et al., 2006; Molteni et al., 2002; Vaynmann et al., 
2007). Thus, the increase in baseline mBDNF levels in physically fit rats may allow for 
enhanced BDNF-TrkB signaling during learning in the brain areas selectively activated 
by physical activity.   
  Despite strong evidence that BDNF signaling is indeed involved in memory 
formation (for review see Tyler et al., 2002), we found no learning impairments following 
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K252a treatment in sedentary rats.  One possibility is that prior studies finding K252a-
induced learning deficits assessed the durability of memory formation and not learning 
per se (Ou et al., 2010; Liu et al., 2008; Kim et al., 2012).  As such, K252a treatment 
into the hippocampus and striatum in sedentary rats would decrease later memory for 
place and response learning, respectively, if tested after relatively long intervals.   
Surprisingly, K252a did not simply fail to impair place and response learning in 
sedentary conditions, but in fact improved response learning compared to vehicle-
treated rats. The K252a-induced response learning enhancement may be due to the 
non-specific effects of K252a. K252a can interfere with TrkA and other protein kinases, 
particularly at high doses (Tapley et al., 1992; Towmey 1990; Kase et al., 1986). 
However, only a single dose of K252a was used to block TrkB signaling in the current 
experiment; it is possible that a higher or lower dose would impair place or response 
learning in sedentary rats.  A more extensive study of K252a effects on cell signaling is 
necessary to elucidate its non-specific actions in the hippocampus and striatum of 
physically active and sedentary rats. 
Specific blockade of TrkB during learning, but not during the exercise regimen, is 
necessary to substantiate the role of BDNF-TrkB signaling in exercise-induced learning 
enhancements.  Unfortunately, the specific inhibitors of TrkB (TrkB-IgG) need at least a 
few days for dispersal throughout the brain region of interest (Altun et al., 2001).  In the 
current study, TrkB blockade with K252a treatment was restricted to the learning period. 
Since, it is not known how much TrkB inhibition occurs during the TrkB-IgG dispersal 
period (2-3 days) prior to learning, the use of TrkB-IgG could produce a prolonged pre-
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learning disruption of TrkB signaling during the last 2-3 days of exercise, which may 
alter BDNF-TrkB signaling during learning, thus confounding our experimental design.   
Hippocampal neurogenesis receives considerable attention as the anatomical 
mechanism for improved cognition in physically fit rats (van Praag et al. 1999; 2005; 
2008; Perieira et al., 2007; Cotman et al. 2007).  However, our findings indicate that 
neurogenesis alone is not necessary to support exercise-mediated cognitive 
enhancements, a prospect proposed previously (Bekinschtein et al., 2011).   We 
showed robust exercise-induced enhancements in striatum-sensitive response learning 
but the striatum has little, if any, demonstrable adult neurogenesis.  Moreover, acute 
treatment of K252a just prior to training blocked the exercise-induced place learning 
enhancements despite the increase in hippocampal neurogenesis that wheel running 
presumably stimulated (van Praag et al., 1999; 2005).  Given that BDNF increases 
hippocampal neurogenesis (Scharfman et al., 2005); a more parsimonious explanation 
is that exercise-induced neurogenesis is a byproduct of exercise-induced increases in 
BDNF-TrkB signaling. Taken together, the data from the current and past studies 
suggest that exercise enhances hippocampal- and striatal-sensitive learning, not by 
increases in hippocampal neurogenesis or angiogenesis, but instead via the signaling 
events associated with BDNF-TrkB during learning, such as increased neurotransmitter 
release (Knipper et al., 1994; Sala et al., 1998; Santafe et al., 2014; Tyler and Pozzo-
Miller, 2001; Numakawa et al., 1998; Lessman et al., 1994; Du and Poo, 2004) and/or 
potentiated BDNF TrkB signaling (Vaynman et al., 2003; Cassilhas et al., 2012).  
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FIGURES 
 
Figure 2.1.  Running wheel apparatus. Rats had free access to the running wheel 
through a tunnel from their home cages.  
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Figure 2.2. Cannula placements in the dorsal hippocampus and the dorsal lateral 
striatum.  Rats in all treatment groups had similar implantation sites in A) the dorsal 
hippocampus and B) the dorsal lateral striatum.  Shaded circles represent cannula 
placements for each experimental group. White= Sed + Vehicle; light gray= Sed + 
K252a; dark gray= Ex + Vehicle; black= Ex + K252a. 
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Figure 2.3. Place and response mazes. Maze environments used for A) place and B) 
response training.  Place training (A) occurred on a maze in a room with extramaze 
cues available for the rats to find their food rewards. In the place task the rats were 
trained to find the rewards in the same locations in the room.  Response training (B) 
occurred in a room with no extramaze cues as the rats were trained to find their food 
rewards through their use of egocentric body movements (i.e. left or right turns), 
regardless of the previous locations of the reward.  
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Figure 2.4. Total distance run over three weeks.  Rats increased running distances 
with subsequent days of wheel access. All rats showed substantial increases in their 
running during the third week, representing the week of food restriction. A) Unimplanted 
rats from Experiment 1 and B) rats with bilateral cannula implants in the hippocampus 
from Experiment 2 ran similar distances over the three-week period.  C) Rats with 
bilateral cannula implants in the striatum from Experiment 2 ran much less overall 
across the three-week period. 
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Figure 2.5. Place and response learning in physically active and sedentary rats. 
The effect of 3 weeks voluntary exercise on A, B) place and C,D) response learning.  
Exercise decreased the number of trials to learning criterion in both A) place and C) 
response tasks. Changes in accuracy over the training period for B) place training with 
trials grouped into 15-trial blocks, and for D) response training with trials grouped into 
10-trial blocks.  For place training Ex rats had steeper learning curves than did S rats, 
demonstrating faster learning. *= p<0.05 vs Sedentary;  Ex=exercise, S=Sedentary. In 
place-trained rats N=11 for S and N=10 for Ex. In response-trained rats N=12 for S and 
N=14 for Ex.  
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Figure 2.6. Correlations between running distance and trials to reach criterion in 
the place and response tasks. In A) the place task, rats that ran the farthest during the 
3-week running period learned the place task in fewer trials than rats that ran less. In B) 
the response task, rats that ran the farthest during the running period learned the 
response task in fewer trials than rats that ran less.  
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Figure 2.7. mBDNF content in hippocampus, striatum, frontal cortex, cerebellum 
and olfactory bulb in behaviorally naïve sedentary and physically active rats. A) 
Exercise tended to increase mBDNF levels in the hippocampus and D) cerebellum.  In 
the B) striatum and C) frontal cortex, exercise significantly increased mBDNF compared 
to the sedentary controls. E) There was no significant effect of exercise in the olfactory 
bulb (E).  *= p<0.05 vs. Sedentary; Ex=exercise, S=Sedentary.  N=9 for S, N=8 for Ex. 
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Figure 2.8. K252a treatment attenuated exercise-induced place and response 
learning enhancements.  A) K252a treatment into the hippocampus prior to place 
training attenuated exercise-induced enhancements in place learning.  Vehicle-treated 
Ex rats learned the place task in fewer trials than vehicle-treated Sed rats. B) K252a 
treatment into the striatum prior to response training attenuated exercise-induced 
enhancements in response learning.  Vehicle-treated Ex rats learned the response task 
in fewer trials than vehicle-treated sedentary rats. Sedentary K252a-treated rats learned 
the response task in fewer trials than vehicle-treated sedentary controls. *=p<0.05 vs. 
sedentary vehicle-treated controls; $=p<0.05 vs. exercise vehicle-treated. For place-
trained rats N=10 for S-Veh; N=8 for S-K252a; N=13 for Ex-Veh; N=11 for Ex-K252a; 
for response-trained rats N=7 for S-Veh; N=8 for S-K252a; N=7 for Ex-Veh; N=7 for Ex-
K252a. 
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TRANSITIONAL THOUGHTS 
 
Our findings from Chapter 2 show that physical activity enhances place and 
response learning through BDNF-TrkB signaling. These findings support our theory of 
“Use it and Boost it”. Physical activity engages the hippocampus and striatum, thus 
leading to an increased reliance on BDNF-TrkB signaling, to support enhanced learning 
in the future. Exercise increases BDNF protein content in the hippocampus and striatum 
(Adlard et al., 2005; Berchtold et al., 2005; Chapter 2; Ding et al., 2004b). Cognitive 
activity, also increases BDNF protein expression in the areas engaged by the cognitive 
activity (Kesslak et al., 1998; Figure 1.2; Kim et al., 2012).  Cognitive training also 
enhances learning and memory across a variety of tasks (Anguera et al., 2013; Ball et 
al., 2002; Light et al., 2010).   
Given that both cognitive and physical activities enhance cognition and increase 
BDNF in the brain it is possible these activities are enhancing cognition via similar 
neural mechanisms. In the following chapter we tested if cognitive activity, like physical 
activity, enhances place and response learning, and if BDNF-TrkB signaling is 
underlying the cognitive activity-induced learning enhancements. The following set of 
studies is supporting our “Use it and Boost it” theory.  Cognitive tasks directly engage 
neural systems so that in the future those neural systems will function better, leading to 
enhanced cognition.  
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CHAPTER 3: 
USE IT AND BOOST IT: ENGAGEMENT IN A SPATIAL WORKING MEMORY TASK 
ENHANCES SUBSEQUENT PLACE AND RESPONSE LEARNING THROUGH 
BDNF-TRKB SIGNALING  
 
ABSTRACT 
Voluntary physical activity enhances place and response learning.  In addition, 
these learning enhancements appear to be mediated by BDNF acting through its TrkB 
receptor.  The present experiment determined whether similar effects were evident after 
cognitive activity.  Rats were tested on a 4-arm spontaneous alternation task, 
immediately, 1 hr, or 24 hr before learning a hippocampus-sensitive place task or a 
striatum-sensitive response task.  Spontaneous alternation testing 1 hr prior to training 
enhanced learning of both tasks.  Rats tested on a straight runway version of the 
spontaneous alternation maze, however, did not show enhancements in place and 
response learning, suggesting that the cognitive load and not physical activity on the 
maze used for priming underlies enhancements of later learning.  The effect of cognitive 
priming on concentrations of mature brain-derived neurotrophic factor (mBDNF) in the 
hippocampus and striatum was examined immediately, 1 hr, or 24 hr following 4-arm 
spontaneous alternation testing.  mBDNF in both the hippocampus and striatum 
increased within 1 hr after alternation testing.  K252a, a drug that blocks BDNF-TrkB 
signaling, or vehicle was infused into the brain 30 min prior to place or response 
training.  K252a infusions into the hippocampus and striatum attenuated the 
enhancements in place and response learning, respectively, induced by prior alternation 
testing; K252a treatment did not impair learning in control rats.  These results show that, 
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like physical activity, cognitive activity can also enhance learning of both hippocampus- 
and striatum-sensitive tasks through BDNF-TrkB signaling.   
INTRODUCTION 
Environmental enrichment (EE), a stimulating environment that includes novel 
objects/toys, nesting material, tunnels, ladders, running wheels, and social interactions 
has been shown to enhance multiple domains of cognition (Greenough et al., 1969; 
Krech et al., 1962; van Praag et al., 2000).  In addition, EE affects brain structure and 
chemistry (Mora et al., 2007; Bennett et al., 1964; Landers et al., 2011; Mychasiuk et 
al., 2014; Moser et al.,1994;Nilsson et al., 1999; Leggio et al., 2005; Volkmar et al., 
1972; Diamond et al., 1972; Black et al., 1989; Kleim et al., 1997; Saito et al., 1994).  
Given that voluntary exercise is such a large component to the EE paradigm, it has 
been hypothesized that the cognition-enhancing benefits of EE are mediated through 
voluntary exercise (Bekinschtein et al., 2011; van Praag et al., 2008).  
 In addition to the component of EE contributed by physical activity, there is also a 
major cognitive component derived from social interactions with conspecifics and 
exploration and manipulation of objects in the arena.  The influences of cognitive 
experiences on learning and memory have received relatively less attention than have 
the physical components of these experiences.  Cognitive training enhances 
performance on later cognitive tasks in young adults (Olesen et al., 2004; Dahlin et al., 
2008; Owen et al., 2010; Schmeidek et al., 2010; Studenski et al., 2006; Rosenzweig 
and Bennett, 1996; Light et al., 2010) and the elderly (Basak et al., 2008; Hall et al., 
2009; Anguera et al., 2013; Mora et al., 2007; Petrosini et al., 2009).   
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Recently, we found that voluntary exercise results in enhancement of both place 
and response learning (Chapter 3; Korol et al., 2013).  In addition, we found that mature 
brain-derived neurotrophic factor (mBDNF) signaling during learning appears to mediate 
the exercise-induced enhancement of learning in both tasks.  Given that cognitive 
activity also increases BDNF expression and protein in the areas activated by task-
engagement (Kim et al., 2012; Kesslak et al., 1998) we hypothesize that, like physical 
activity, the cognitive benefits afforded by cognitive activity are likely a consequence of 
heightened BDNF signaling at the time of learning. BDNF and its cognate receptor, 
TrkB, are found in both the striatum and hippocampus (Maisonpierre et al.,1990; Phillips 
et al., 1990; Yan et al., 1997; Croll et al., 1998; for review see Zuccato and Cattaneo, 
2009). In addition, BDNF and TrkB expression in the hippocampus and striatum 
correlate with cognitive abilities (Croll et al., 1998; Vaynman et al., 2004).   
The current study uses an approach similar to what we applied to studying the 
effects of physical activity on cognitive functions (Chapter 3).  Here, a spontaneous 
alternation task was used as a behavioral primer before rats were trained on a 
hippocampus-sensitive place task or a striatum-sensitive response task.  An inhibitor to 
TrkB, K252a, was infused into the hippocampus and striatum of controls and cognitively 
primed rats to test if, similar to physical activity, cognitive activity enhances learning via 
BDNF-TrkB signaling.  
METHODS 
Subjects 
Three-month-old, male Sprague-Dawley rats were obtained from Harlan 
Laboratories (Oregon, Wisconsin, USA).  Upon arrival, the rats were housed singly in 
 52  
 
clear plastic cages (48 cm L x 26 cm W x 21 cm H) with free access to water and were 
kept on 12/12 hr light/dark cycle.   Rats also had free access to food upon arrival until a 
food restriction regimen was begun.   
Seven days before behavioral testing, rats were placed on food restriction to 
reduce their body weights to 80-85% of their free-feeding weight.  Rats were either 
behaviorally primed with spontaneous alternation testing or left undisturbed in their 
home cage until being trained on place or response learning tasks.  In Experiments 1, 2, 
and 4, primed rats were later trained on place and response learning tasks 5 min 
(immediate), 1 hr, or 24 hr after priming.  Behaviorally naïve, untested control rats were 
trained at similar times in the day.  A subset of control and primed rats were not trained 
in place and response learning tasks (Experiment 3).  Instead, their brains were 
harvested for assay of mBDNF either 5 min (immediate), 1 hr, or 24 hr after priming or at 
the same time of the day for controls. 
Experiments:   
Schematics for the experimental protocols followed in the four experiments are 
illustrated in Figure 1.  Different sets of rats were used for each experiment.  Experiment 
1 tested the effects of cognitive priming with a spontaneous alternation task that 
engages spatial working memory.  Experiment 2 dissociated the role of cognitive activity 
from locomotor activity during priming with spontaneous alternation testing using a maze 
with a relatively low cognitive load but similar movement requirements.  Experiment 3 
measured tissue content of mBDNF in the hippocampus and striatum after spontaneous 
alternation testing.  Experiment 4 determined whether BDNF-TrkB signaling during place 
or response learning was needed to observe the priming effect. 
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Spontaneous Alternation Maze Testing 
       In Experiments 1, 3, and 4, rats primed with spontaneous alternation were placed 
on a 4-arm, plus-shaped maze (Figure 2A). The maze was located in the center of the 
3.5 m x 3 m testing room on a table 76 cm above the floor surrounded by a rich 
assortment of extra-maze visual cues. During a testing session, the rat was placed in a 
start arm and allowed to explore the maze freely for 20 min while the number and 
sequence of arm entries were recorded. An alternation occurred when the rat entered 
all four arms within 5 consecutive arm entries. On average, rats entered 32 arms per SA 
testing session. A moving window of 5 arm entries was analyzed for possible 
alternations across all arms entered by the rat within a single testing period. For 
example, if a rat entered arms ABDAC in 5 consecutive arm choices; this would be 
considered an alternation. However, if the rat entered arms ABACB in 5 consecutive 
arm choices; this would not be considered an alternation.   
 Rats in Experiment 2 were treated the same but were tested on a 2-arm straight 
alley maze (Figure 2B) to reduce the cognitive load of the 4-arm maze in Experiment 1 
while retaining similar locomotor activity. 
Place and Response Learning tasks and Maze Environment 
 Place and response training were conducted in a 4-arm, plus-shaped maze 
configured into a “T” in which each trial started from either the north or south arms.  For 
both tasks, the rats were trained to locate a food reward (half of a Frosted Cheerio ©) at 
the end of an arm.  Training took place between 3 and 8 hr after the start of a light 
cycle.  
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The full length of each alleyway of the T-maze was approximately 104 cm.  Each 
of the four arms of the maze was 13 cm wide, 18 cm high, and 46 cm in length.  The 
center of the maze, from which all four arms extended, was 12 cm2.  The maze walls 
were constructed of black, 0.64-cm-thick Plexiglas® and the floor of black, matte 
Plexiglas®.  The maze was affixed to a platform (46 cm in diameter) that allowed 
rotation of the maze.  Plastic perforated receptacles with inaccessible food were 
attached to the ends of each maze arm to discourage the use of odor cues to find the 
reward.  A lamp with indirect lighting was placed in each corner of the room, providing 
symmetrical ambient light.  A fan was used to mask building noise. 
Training Procedure  
In the place task, rats learned the location of a food reward relative to the 
extramaze cues in the room (Figure 2C).  Rats trained on the response task learned to 
locate a food reward using specific body turns (i.e. right or left turns; Figure 2D). In the 
response task, ceiling-to-floor curtains surrounded the maze to minimize extramaze 
cues.  The presence or absence of extramaze cues promotes the use of place or 
response strategies for efficient learning.  However, the two versions of the task have 
the same locomotor and motivational requirements. For each rat, start arms were quasi-
randomized across twenty trials, so that each start arm (north or south) was used for 10 
trials.  For the place task, the goal location (east or west) was counterbalanced while for 
the response task the direction of body turn (right or left) was counterbalanced across 
rats within a treatment condition.  
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Rats were placed in a fresh, clean cage without food or water and moved into the 
training room for 15 minutes to allow acclimation to the maze environment prior to 
training; rats in the immediate group were allowed a 5-min acclimation period.    
 A trial started when a rat was placed in the start arm and ended after all four 
paws were placed in a choice arm.  For each trial, the rat was given the choice of 
entering one of the two possible reward arms. When the rat chose the rewarded arm, it 
was allowed to remain there until eating was complete before being returned to the 
holding cage for 30 sec before the next trial began.  If the rat chose the incorrect arm, it 
was allowed to remain in that arm for approximately 5 sec before being returned to the 
holding cage for 30 sec before the next trial.  The maximum time allotted for rats to 
choose an arm was 2 min, after which the rat was returned to the cage without making 
an arm choice.  These omissions were not considered arm choices and did not 
contribute to the number of recorded correct or incorrect choices.  Between trials, the 
maze was rotated 90o to reduce the use of intramaze cues to find the goal arm.   
All rats received 75 training trials. The learning criterion was 9 correct trials out of 
10 with at least 6 consecutive correct trials. Immediately after training (Experiments 1, 2, 
4) or spontaneous alternation testing (Experiment 3), rats were overdosed with sodium 
pentobarbital (75 mg/kg), after which they were decapitated and brain tissue was 
collected for histological evaluation of cannula placements or biochemical assessment.  
Control rats were not tested on the spontaneous alternation task and were euthanized at 
times similar to those of rats tested on the alternation task. 
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Determination of brain mBDNF concentrations 
Rats were euthanized by overdose with sodium barbital (75 mg/kg) and 
decapitated.  Brains were removed and dissected on ice and within 150 sec of 
decapitation, and tissue flash frozen on dry ice and stored at -80oC. The samples were 
later homogenized on ice in a lysis buffer (50 mmol/L tricine, 0.1% β-mercaptoethanol, 
10 mmol/L EDTA, 100 mmol/L NaF, 0.5 mmol/L PMSF and 1 L dH2O) and dissolved 
protease inhibitor tablets (Roche Diagnostic Corporation, Indianapolis, IN).  The samples 
were then transferred to a microfuge tube and centrifuged at 4oC for 15 min at 10,000 
rpm.  The supernatant was collected and stored at -20oC until assayed for protein and 
mBDNF content. 
 The protein concentrations of the samples were determined using a Micro-BCA 
assay kit (Pierce, Rockford, IL).  Each tissue sample was diluted 1:16 with the lysis 
buffer.  Standards (25 µl) ranging from 0 µg/ml to 2000 µg/ml and diluted samples (25 
µl) were added in triplicate to a 96-well microtiter plate.  A working reagent (100 µl) was 
added to each well and incubated at 37oC for 30 min.  After incubation, the plate was 
cooled to room temperature (21oC).  Absorbance at 570 nm was then measured in a 
ThermoMax® microplate reader with Ascent software (Fisher Scientific, Pittsburgh, PA). 
 BDNF was measured in hippocampus and striatum samples.   
Sandwich-style enzyme-linked immunosorbent assays (ELISAs) were performed  
using the BDNF Emax ImmunoAssay System kit (Promega, Madison, WI) according to 
manufacturer’s instructions to detect mBDNF. The absorbance was read at a 
wavelength of 450 nm (within 30 min of stopping the reaction) in a ThermoMax 
microplate reader with Ascent software (Fischer Scientific, Pittsburgh, PA).   mBDNF  
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content was interpolated from standard curves conducted on each plate (0–500 pg/ml 
for BDNF). To adjust for differences in the total levels of protein across samples, the 
mBDNF protein value was divided by the total sample protein value to determine 
mBDNF per unit protein (pg/mg). 
          To determine the recovery rates of mBDNF for our protocol, a spike and  
recovery assay was performed on the hippocampus and striatum samples.  Spiked 
samples were compared to unspiked samples and the percent recovery was calculated. 
Cannula implantation 
In a subset of rats (Experiment 4), cannulae were implanted bilaterally into either 
the hippocampus or striatum at least three days after arrival and before any 
experimental procedures.  Rats were anesthetized with 2-3.5% isoflurane and received 
penicillin (30,000 units, i.m.; Dura-Pen; Henry Schein, Inc., Indianapolis, IN, USA) and 
Rimadyl (5 mg/kg, s.c.) prior to aseptic stereotaxic surgery.  Rats were secured in the 
stereotaxic device with the skull at 180o angle. The skull was exposed through an 
incision in the scalp and cleared of the fascia before burr-holes were drilled for cannulae 
and skull screws. Stainless steel guide cannulae (22 gauge, 6 mm; Plastics One, Inc., 
Roanoke, VA, USA) were lowered into the dorsal hippocampus (AP −3.8, ML ±2.5, -1.9 
mm ventral to dura) or the dorsal striatum (AP +0.2, ±ML 3.6, -2.8 mm ventral to dura).  
Coordinates were chosen based on reports demonstrating drug and hormone actions in 
the hippocampus and striatum on place and response learning (McElroy and Korol, 
2005; Zurkovsky et al., 2006, 2007, 2011; Newman et al., 2011) based on the Paxinos 
and Watson (1986) atlas. Four stainless steel screws placed into the skull served as 
anchors for the assemblage that was cemented in place with dental acrylic. To keep 
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cannulae open, 28 gauge stylets (Plastics One, Inc.) cut to the length of the guide 
cannulae were inserted at the time of surgery and were removed only during the central 
infusions.  Rats were allowed to recover from surgery for at least one week before food 
restriction procedures were initiated. 
Central infusions 
Rats with cannulae received bilateral infusions of K252a (25 µM in vehicle) or 
vehicle alone (5% DMSO in aCSF in mM: 128 NaCl, 2.5 KCl, 1.3 CaCl2, 2.1 MgCl2, 0.9 
NaH2PO4, 2.0 Na2HPO4, 1.0 dextrose) into either the hippocampus for rats trained on 
the place task or the striatum for rats trained on the response task.  A CMA 
microdialysis infusion pump was used to deliver the K252a or vehicle through a 29-
gauge needle attached to a 10 µl Hamilton syringe at a volume and rate of 0.5 µl in 1 
min. The needle was left in place for 1 min to allow for diffusion away from the infusion 
site. Infusions were made 30 min after priming with spontaneous alternation and 30 min 
prior to training on the place or response learning task.  
Experimental Designs: 
Experiment 1.  Rats were randomly assigned to spontaneous alternation testing 
or control conditions.  Rats were tested first for 20 min on a 4-arm spontaneous 
alternation maze. These rats were subsequently trained on either a place or a response 
task immediately (place: N=8; response: N=7), 1 hr (place: N=7; response N=5), or 24 hr 
(place: N=7; response: N=8) following priming with spontaneous alternation testing.  
Control rats were trained on the place (immediate N=10; 1 hr N=8; 24 hr N=9) or 
response (immediate N=9; 1 hr N=5; 24 hr N=8)) tasks without prior alternation testing.   
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Experiment 2. We previously found that cognitive load of a spontaneous 
alternation task is a function of the number of open arms (McNay et al., 2000; Korol, 
2002).  In this experiment we attempted to reduce cognitive load but match the 
locomotor activity level from Experiment 1 to assess whether motor activity was driving 
the observed learning enhancements. Rats were allowed to explore the straight 
alleyway maze for 20 minutes, moving freely through the two open arms.  Rats were 
subsequently trained on the place (N=5 runway; N=4 control) or response (N=4 runway; 
N=4 control) task 1 hr following alternation testing in this straight-arm maze.  Except for 
the difference in the maze used for priming, all other procedures were the same as in 
Experiment 1.  
Experiment 3. Rats were placed on a 4-arm maze for spontaneous alternation 
testing and were sacrificed immediately (N=6), 1 hr (N=6), or 24 hr (N=5) later.  A subset 
of rats was food restricted for 7 days but never tested on the spontaneous alternation 
maze and used for control comparisons (N=6).  Rats were anesthetized with a lethal 
injection of sodium pentobarbital (i.p. 75 mg/kg) and brains harvested for assay of 
mBDNF.   
          Experiment 4:  One week after surgery for cannula implantation, rats were placed 
on food restriction for 5-7 days until they reached 80%-85% free feeding body weight.  
Rats were then primed with spontaneous alternation testing or served as controls. 
Intrahippocampal or intrastriatal infusions of K252a or vehicle [(artificial cerebrospinal 
fluid (aCSF) and 5% dimethyl sulfoxide (DMSO)] were made 30 min after spontaneous 
alternation testing and 30 min prior to place or response learning.  This created four 
experimental groups for each of the learning tasks: 1) rats with prior spontaneous 
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alternation testing given vehicle (N=8 for place, N=8 for response learning), 2) rats with 
spontaneous alternation testing given K252a (N=7 for place, N=6 for response 
learning), 3) control rats given vehicle (N=10 for place, N=8 for response learning) and 
4) control rats given K252a (N=7 for place, N=7 for response learning). 
Following training, rats were given lethal injections of sodium pentobarbital (i.p. 
75 mg/kg).  The brains were checked for proper cannula placement in the hippocampus 
and striatum.  Specifically, the criteria for misplaced cannula included if cannula were 
not bilaterally placed in the structure of interest (i.e. cannula tracts were: too dorsal 
(tracts found in cortex and not penetrating the structure of interest), too ventral (in the 
case of hippocampus implants tracts found in the thalamus), too medial (in the case of 
the striatum implants, tracts found in or very near ventricles), or too lateral (in the case 
of the hippocampus, tracts found in cortex, lateral to hippocampus).  Rats with 
misplaced cannula (N=4), or damage beyond the cannula site (i.e large lesion 
surrounding brain region) (N=1) were discarded from analysis. 
Data analysis and statistics 
 Confidence intervals (95%) were used to test if the mean SA scores in 
Experiments 1, 3, and 4 fell above the chance behavior score of 44%.   
Experiment 1: Because the control rats showed variability in trials to reach 
criterion (9/10) across different time points (i.e. immediate, 1 hr, 24 hr), trials to criterion 
data for the place and response tasks are presented as percent of controls for each set 
of rats. One-way analyses of variance (ANOVA) were used to analyze the effects of prior 
spontaneous alternation testing on trials to reach criterion (9/10) in the place and 
response tasks (α=0.05).   
 61  
 
Experiment 2: The effect of straight runway testing on trials to reach criterion 
9/10) in place and response learning was analyzed using two-tailed Student’s t-tests as 
in Experiment 1. The comparison between arm entries in the 4-arm and the straight 
runway SA testing was analyzed using two-tailed Student’s t-tests. 
           Experiment 3: The effects of spontaneous alternation testing on subsequent 
mBDNF content in the hippocampus, striatum, and hippocampus:striatum were 
analyzed using two-way ANOVAs to test for effects of structure (hippocampus and 
striatum) and time following SA testing (immediate, 1 hr, 24 hr) .   
Experiment 4: Because not all rats in Experiment 4 learned the place and 
response tasks within the 75 trials allotted, the distribution of scores were truncated.  
Therefore, non-parametric two-tailed Mann-Whitney U-tests were performed to compare 
the effects of cognitive priming and drug treatment.   
All procedures followed the institutional and federal guidelines and were 
approved by the IACUC at the University of Illinois. 
RESULTS 
  In all experiments that used 4-arm SA testing as a behavioral primer, rats had 
similar levels of alternation.   In all experiments the rats had alternation scores well 
above the 44% chance behavior (Figure 3.3A). In Experiment 1, place-trained rats 
alternated with a mean score of 61, CI 56.6-65.4. Response-trained rats alternated with 
a mean score of 67, CI 61.4-72.5. In Experiment 3 rats alternated with a mean score of 
64.2, CI 56.9-71.4.  In Experiment 4 place-trained rats alternated with a mean score of 
59, CI 49.9-68. Response-trained rats alternated with a mean score of 56, CI 48.3-63.6. 
In addition, in all experiments the rats entered a similar numbers of arms during the SA 
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testing session (Figure 3.3B). 
 Experiment 1: Priming with spontaneous alternation testing resulted in an overall 
enhancement of learning on both the place and response tasks (Figure 3.4).  There was 
a main effect of priming with SA testing on place training (F(3,45)=4.6, p<0.01; Figure 
3.4). Post hoc analyses revealed significantly lower trials to criterion were evident for 
place learning (Figure 3.4, left panel) in rats trained either 1 hr (t13=2.47, p<0.05) or 
immediately (t14=2.2, p<0.05) after spontaneous alternation testing; rats with a 24-hr 
delay after spontaneous alternation testing exhibited mean trials to criterion similar to 
those rats tested at shorter intervals but this difference did not reach statistical 
significance (t14=1.71, p<0.1).  There was no significant main effect of priming with SA 
testing on response learning (F(3,38)=2, p<0.1; Figure 3.4). Rats trained on the response 
task (Figure 3.4, right panel) took significantly fewer trials to reach criterion in the 1-hr 
condition (t8=2.2, p<0.05) but not after the 24-hr (t13=0.88, p>0.2) or immediate (t15=1.5, 
p>0.1) delays, though those mean trials to criterion were also in the direction of 
enhancement. Because learning enhancements in both tasks were robust one hour 
after spontaneous alternation testing, that time between priming and tests of learning 
was used for Experiments 2, 3, and 4. 
 Experiment 2: Priming on the straight runway 1 hr prior to testing did not enhance 
later learning in either place or response tasks.  Compared to controls, testing in the 
straight runway maze had no significant effect on the number of trials to reach criterion 
in the place (t7=0.33, p>0.2; Figure 3.5A) or response (t6=0.07, p>0.2; Figure 3.5B) 
tasks.  Of note, the number of arms entered on the straight runway maze was 
comparable to arms entered in Experiment 1 on the four-arm maze (t18=0.35, p>0.2; 
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Figure 3. 5C), indicating similar locomotor activity on the two mazes. 
 Experiment 3:  mBDNF content in the hippocampus and striatum of rats exposed 
to four-arm spontaneous alternation testing but not trained subsequently on place or 
response learning tasks showed changes over the 24-hr period following testing.  There 
was no significant main effect of time following SA testing on mBDNF levels in the 
hippocampus (F(3,18)=2.1, p<0.1; Figure 3.6A), but there was a significant main effect of 
time following SA testing on mBDNF levels in the striatum (F(3,19)=7.2, p<0.01; Figure 
3.6B). Immediately after spontaneous alternation testing, mBDNF concentrations were 
unchanged in the hippocampus (t12=0.49, p>0.2) and striatum (t12=0.23, p>0.2) 
compared to values from control rats that remained in their home cages. Both 
hippocampal (t9=2.2, p<0.05; Figure 3.6A) and striatal (t10=2.2, p<0.05; Figure 3.6B) 
mBDNF concentrations were significantly increased at 1 hr following spontaneous 
alternation testing compared to those of controls. However, the change in mBDNF 
concentrations from 1 hr to 24 hr after priming was remarkably different for the 
hippocampus and striatum. For the hippocampus, mBDNF concentrations fell to 
baseline levels at 24 hr (t9=0.53, p>0.2; Figure 3.6A).  For the striatum, mBDNF 
concentrations increased significantly further from 1hr to 24 hr.  The 24-hr values were 
significantly higher than mBDNF concentrations in control rats (t9=3.00, p<0.01; Figure 
3.6B), and were also higher, but not significantly than those seen 1 hr after spontaneous 
alternation testing (t9=1.9, p<0.1). Two-way ANOVAs revealed a main effect of brain 
region (F(1,37)=27.9, p<0.0001), with the mBDNF levels in the hippocampus (Figure 
3.6A) being significantly higher than the levels in the striatum (Figure 3.6B).  There was 
no main effect of time point (F(3,37)=2.7, p>0.2) on mBDNF levels. There was a 
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significant interaction between brain region and timepoint (F(3,37)=4, p<0.01).     
 Experiment 4:  Infusions of the TrkB inhibitor K252a, into the hippocampus or 
striatum blocked the enhancements of place and response learning seen 1 hr after 
priming with the alternation task.   The priming-related enhancements demonstrated in 
Experiment 1 were replicated here, as seen by decreased trials to criterion in rats that 
were primed and that received vehicle control infusions compared to vehicle-treated 
control rats (place:  U9,10=5.5, p<0.05; Figure 3.7A, p<0.05; response: U8,8=15, p<0.05; 
Figure 3.7B, p<0.05)  (SA-Veh vs control-Veh; Figure 3.7). K252a injections in the 
primed rats fully blocked the enhancements on both tasks.  Rats that were primed with 
spontaneous alternation and treated with K252a into the hippocampus required 
significantly more trials to learn the place task than did primed rats treated with vehicle 
(SA-K252a vs SA-Veh, U9,8=0.5, p<0.01; Figure 3.7A). Similarly, primed rats with 
infusions of K252a into the striatum required significantly more trials to reach criterion 
than did vehicle-treated primed rats (SA-K252a vs SA-Veh, U6,8=0, p<0.01; Figure 
3.7B).  On both tasks, the K252a injections resulted in scores in the primed rats that 
were comparable to those of the control rats with no prior alternation testing (SA-K252a 
vs. control-Veh) for either the place (U10,7=19, p>0.05; Figure 3.7A) or response 
(U7,8=15.5, p>0.05; Figure 3.7B) tasks. 
 Importantly, treatment with K252a in unprimed rats failed to impair learning in 
either task (control-K252a vs control-Veh). Specifically, K252a infusions into the 
hippocampus of control, unprimed rats had no effects on learning in the place (U7,10=19, 
p>0.05; Figure 3.7A) or response task (U7,8=15, p>0.05; Figure 3.7B).  
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DISCUSSION 
 The present findings show that a single bout of cognitive activity, provided by 20 
min of testing on a spatial working memory task, enhances place and response learning 
in rats.  Furthermore, the results indicate that blockade of BDNF-TrkB signaling during 
learning, blocks the anterograde benefits accrued from the prior alternation testing 
during later place and response training.  The place and response tasks are, 
respectively, sensitive to manipulations of the hippocampus and striatum.  Therefore, it 
is likely that cognitive activity with spontaneous alternation testing enhances learning 
mediated by processing in multiple memory systems. 
 Prior findings also indicate that prior spatial memory testing can enhance learning 
on later navigation tasks requiring spatial or egocentric learning (Klingberg et al., 2002).  
More recently, twelve consecutive days of working memory training in an 8-arm radial 
maze was shown to enhance learning in a variety of tasks including odor discrimination, 
passive avoidance, associative fear conditioning, egocentric navigation in a Lashley 
maze, and spatial navigation in the swim task (Light et al., 2010).  These reports are 
part of a larger set of findings showing that enriched environments, which combine 
elements of cognitive activity, physical exercise, and some times social interactions, 
enhance later learning (Leggio et al., 2005; Toscano et al., 2006; Hoplight et al., 2001; 
Tees, 1999; Lonetti et al., 2010).  The enriched environment procedures result in 
reorganization of dendritic spines and vascular measures in some brain areas (Black et 
al., 1987; Sirevaag et al., 1988; Cao et al., 2004; Leggio et al., 2005; Volkmar et al., 
1972); however, the relationship to BDNF signaling during the time of cognitive testing 
is unknown.   
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 Cognitive load of the priming may play an important role in determining which 
experiences will enhance subsequent cognition.  In our study, a 20-minute test in the 
two-arm, straight alley maze was not sufficient to enhance later learning on either the 
place or response task.  Of note, the number of arm entries during 20-min tests in the 
runway and four-arm alternation tasks was comparable, indicating that locomotor 
activity per se was not a key variable contributing to enhancement of learning.  Instead, 
it appears that the cognitive load, i.e. in a 2- vs. 4-arm maze, was important for these 
effects.  We have found previously that decreasing the cognitive load in the same 
manner, by decreasing the number of arms in the maze, reduces the magnitude of 
depletion of extracellular glucose levels during alternation testing (McNay et al., 2000).  
Therefore, a possibility to be addressed in the future is whether prior metabolic demand 
in the hippocampus is important for enhancement of later learning.  Parallel information 
is not available regarding the effects of memory testing on striatal glucose levels during 
testing on a working memory task.     
 A parallel experiment examined mBDNF tissue concentrations immediately, 1 hr, 
and 24 hr after 20-min tests of spontaneous alternation in the 4-arm maze.  The 
mBDNF concentrations in both hippocampus and striatum increased after spontaneous 
alternation testing.  The increases were significant in both brain areas at 1 hr after 
testing and in the striatum remained higher than those of controls even 24 hr after 
priming. Recently, we found that extracellular BDNF in the striatum continues to 
increase beyond baseline levels following learning a striatum sensitive task, whereas 
extracellular BDNF in the hippocampus returns to baseline following learning a 
hippocampus sensitive task (Chapter 4). mBDNF levels varied by brain area, with 
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higher control values seen in the hippocampus than in the striatum.  The regional 
variations in mBDNF levels are consistent with past reports of total BDNF in the 
hippocampus and striatum (Chapter 4; Conner et al., 1997). For example, in the 
following chapter, we found that extracellular BDNF levels are higher in hippocampus 
than in the striatum.    
 BDNF is an activity-dependent protein that increases its synthesis and release in 
response to cellular excitation (Zafra et al., 1990; Patterson et al., 1992; Hartmann et 
al., 2001; Lu, 2003).  Importantly, mBDNF protein and mRNA content increase 
immediately following a learning event (Kesslak et al., 1998; Hall et al., 2000; Kim et al., 
2012) and remain raised for several hours following (Kim et al., 2012).  In the present 
experiment, mBDNF protein content did not increase immediately after testing on the 
working memory task but did increase 1 hr later.  It is possible, then, that the induction 
of mBDNF content in both hippocampus and striatum 1 hr after alternation testing 
provided increased signaling that mediated the enhancement of learning on both the 
place and response tasks.   
 The striking increase in striatal mBDNF concentration in the striatum 24 hr after 
alternation testing was not associated with enhanced response learning at that time.  It 
is important to note that the tissue measurements of mBDNF in the current study reflect 
both intra- and extra-cellular levels of mBDNF.  Increased tissue levels of mBDNF might 
reflect increased availability for release and signaling, but the increases might also 
reflect increased intracellular levels as a result of lowered mBDNF release.  Currently, 
our lab is performing studies to investigate if alternation testing leads to an increase in 
mBDNF release during place and response training.   
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 At the 1-hr time point, mBDNF tissue levels were elevated after cognitive priming 
and learning was enhanced in both tasks.  The pharmacological results obtained with 
the TrkB receptor antagonist, K252a, are consistent with the interpretation that mBDNF 
signaling is important for enhancement of learning at the 1-hr time point.  In these 
experiments, treatment with the TrkB receptor antagonist blocked the enhancement of 
learning seen in both the place and response tasks.  Thus, mBDNF signaling via its 
cognate TrkB receptor is necessary for the learning enhancements.  Our findings and 
this interpretation are consistent with other pharmacological experiments in which 
activation of the TrkB receptors with intraamygdala TrkB agonists near the time of fear 
conditioning enhanced learning and memory for a fear conditioning task (Andero et al., 
2011). In addition, experiments that infused BDNF intracortically enhanced conditioned 
taste aversion memory (Castillo et al.,2006). And Intrahippocampal administration of 
recombinant BDNF following weak inhibitory avoidance training enhanced memory 
retention of the shock, and reversed memory deficits following protein synthesis 
inhibition (Bekinschtein et al., 2008).  Similarly, intrastriatal injections of BDNF 
enhanced learning of a strategy set-shifting task (D'Amore et al., 2013).   Other reports 
also have similar findings that BDNF-TrkB signaling enhances learning and memory 
processes (Zeng et al., 2012; Tyler et al., 2002). Specifically, signaling events 
downstream of BDNF-TrkB signaling such as ERK activation (Bekinschtein et al., 2008), 
PI3K activation, and rises in intracellular calcium (Minichello et al. 2002) all 
independently are important for the beneficial effects of BDNF on learning. When 
viewed in the context of these past reports, it is likely that the increase in mBDNF 
signaling mediates the enhancement of memory seen with cognitive priming as seen 
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also in other contexts.   
 K252a treatment before learning attenuated the place and response learning 
enhancements in SA-tested rats.  These data suggest a common mechanism—rapid 
BDNF-TrkB signaling— underlying the SA-induced learning enhancements in both the 
hippocampus and striatum.  One, some, or all or the rapid signaling cascades 
downstream of BDNF-TrkB signaling could promote learning and memory processes 
(see Korol et al., 2013; Figure 8).  Possibilities include increased glutamate release via 
increased intracellular calcium and activation of ERK, (Kang and Schumann 1995; 
Almeida et al., 2005; Jovanovic et al., 2010), inactivation of glycogen synthase kinase 
3β (GSK3β) (Ortega et al., 2010), and increased glucose metabolism via activation of 
PI3K/Akt (Mattson, 2002) or, likely, some combination of these cascades.   
 Although cognitive priming has long been touted as a means of enhancing learning 
and memory, the mechanisms underlying cognitive activity-induced learning 
enhancements have remained elusive. The involvement of mBDNF signaling in 
enhancement of learning by cognitive priming is very similar to our recent findings 
obtained with priming by physical activity (Chapter 2; Korol et al., 2013).  In the earlier 
experiments, voluntary wheel running for 3 weeks prior to place and response training, 
as used in the present experiments, resulted in enhanced learning for both tasks.  In 
this case too, the enhancement was attenuated by treatment with K252a at the time of 
training. Thus, it appears that cognitive and physical priming each enhance learning and 
do so by shared mechanisms (see Figure 3.8).  
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FIGURES 
 
Figure 3.1. Experimental paradigms. In Experiment 1, rats were (SA) or were not 
(control) tested on the 4-arm SA task immediately, 1 hr, or 24 hr prior to training on the 
place or response tasks.  In Experiment 2, SA rats were tested on a straight runway 
version of the maze 1 hr prior to training on the place or response tasks.  In Experiment 
3, rats were SA-tested on the 4-arm maze and killed immediately, 1 hr, or 24 hr 
following testing. Control rats were sacrificed with no prior behavioral priming. Following 
sacrifice the hippocampus and striatum were collected for analysis of mBDNF content.  
In Experiment 4, rats were given bilateral cannula implants in either the dorsal 
hippocampus or dorsal lateral striatum. Thirty min following SA testing and 30 min prior 
to place or response training, rats were infused intrahippocampally or intrastriatally, 
respectively, with K252a or vehicle.   
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Figure 3.2. Cognitive training and spontaneous alternation testing paradigms. In 
A) the 4-arm spontaneous alternation task, rats are given 20 min to explore all 4 arms of 
the maze and are tested on their working memory capacity by counting how many times 
the rat enters all 4 arms within 5 arm entries.  B) The straight runway spontaneous 
alternation task is testing a lower cognitive load because the rat can only enter 1 of 2 
arms and requires less working memory capacity to successfully explore the available 
arms of the maze. The place training task C) requires the rat to learn the location of its 
food reward using the extramaze cues in the room.  This task requires intact 
hippocampal functioning for successful learning.  The response training task D) requires 
the rat to learn the location of its food reward using egocentric body movements (i.e. left 
or right turns). This task requires intact striatal functioning for successful learning. 
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Figure 3.3. Alternation scores and arm entries for SA-tested rats. Rats that were 
SA tested with the 4-arm maze in Experiments 1, 3 and 4 all had similar alternation 
scores (A) and arm entries (B). Alternation scores were well above the 44% chance 
behavior, indicating that all rats that were SA tested with the 4-arm maze were 
sufficiently engaged in the SA task. For experiment 1 N=22 for place-trained and N=20 
for response-trained; for Experiment 3 N=17; for Experiment 4 N=15 for place-trained  
and N=14 for response-trained. 
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Figure 3.4. Prior 4-arm spontaneous alternation testing enhanced subsequent 
place and response learning. Prior spontaneous alternation testing enhanced 
subsequent place learning A) compared to controls, immediately and 1 hr following 
testing. Response learning B) was enhanced 1 hr following spontaneous alternation 
testing compared to controls.  *= p<0.05 vs. untested control. For place training, N=8 for 
immediate, N=7 for 1 hr and N=7 for 24 hr. For response training, N=7 for immediate, 
N=5 for 1 hr; N=8 for 24 hr. 
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Figure 3.5. Prior straight runway testing had no effect on place or response 
learning.  Spontaneous alternation rats that engaged in the straight runway maze 
required a similar number of trials as control rats to reach criterion in the A) place and 
B) response tasks. In C) arm entries were used to measure locomotor activity on the 
two versions of the spontaneous alternation maze. Rats that were tested on the straight 
runway maze entered the same number of arms as rats that were tested on the 4-arm 
spontaneous alternation maze. For place training N=4 for control, N=5 for straight 
runway; For response training N=5 for control, N=4 for straight runway.  
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Figure 3.6. 4-arm spontaneous alternation testing increased mBDNF content in 
the hippocampus and striatum within 1 hr. Within 1 hr following spontaneous 
alternation testing in the 4-arm maze mBDNF protein was significantly increased in the 
A) hippocampus and B) striatum compared to control rats.  mBDNF content in the B) 
striatum was significantly increased compared to control rats within 24 hr following 
spontaneous alternation testing. The hippocampus had significantly higher levels of 
BDNF compared to the striatum. *= p<0.05 vs. controls. N=6 for control; N=6 for 
immediate; N=5 for 1 hr; N=5 for 24 hr. 
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Figure 3.7.  K252a treatment attenuates 4-arm spontaneous alternation-induced 
place and response learning enhancements. K252a treatment in the hippocampus 
prior to A) place training attenuated spontaneous alternation-induced learning 
enhancements. Spontaneous alternation-tested vehicle-treated rats learned the place 
task in fewer trials compared to vehicle-treated control rats. B) K252a treatment in the 
striatum attenuated spontaneous alternation-induced response learning enhancements.  
Spontaneous alternation-tested vehicle-treated rats learned the response task in fewer 
trials than the vehicle-treated control rats. *=p<0.05 vs. vehicle control; $=p<0.05 vs. 
SA-primed vehicle control. For place-trained rats N=7 for control-Veh; N=7 for control-
K252a; N=8 for SA-Veh; N=7 for SA-K252a. For response-trained rats N=8 for control-
Veh; N=7 for control-K252a; N=8 for SA-Veh; N=6 for SA-K252a. 
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Figure 3.8.  BDNF-TrkB signaling induced by use creates a boost for future use.  
Cognitive activity induces mBDNF release and signaling. The signaling cascades 
activated downstream of BDNF-TrkB support ongoing cognitive activity.  For example, a 
rise in intracellular calcium (Ca++) will support neurotransmitter release (i.e. glutamate). 
Activation of PI3K/Akt signaling inhibits GSK3β (by phosphorylation at ser9), which 
leads to glycogen synthesis (supporting future cognitive activity), and allows for protein 
synthesis (via activation of eiF2B) and stability of tau proteins (allowing for synaptic 
remodeling). In addition, PI3K/Akt signaling increases glucose uptake, which will 
provide substrates for oxidative phosphorylation and thus, ATP synthesis.  This 
increase in ATP synthesis further supports neurotransmitter release.  Furthermore, 
glucose itself acts as a precursor for neurotransmitter synthesis.   Lastly, activation of 
ERK (by phosphorylation) signaling initiates gene expression of BDNF, which will lead 
to increased BDNF availability to support future cognitive activity. 
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TRANSITIONAL THOUGHTS 
 
Our findings from Chapter 2 and 3 show that cognitive and physical activities 
enhance place and response learning through BDNF-TrkB signaling. These findings 
support our theory of “Use it and Boost it”—SA-testing and physical activity engages the 
hippocampus and striatum, leading to an increased reliance on BDNF-TrkB signaling to 
support learning in the future. However, several questions remain, why is BDNF-TrkB 
signaling so important for the learning enhancements in cognitive and physical activity? 
What is potentiating BDNF-TrkB signaling during learning? In Chapters 2 and 3 we 
found that SA-testing and 3 weeks of voluntary wheel running increased BDNF protein 
concentrations in the hippocampus and striatum. Thus, it is likely that cognitively and 
physically active rats have increased BDNF release in the hippocampus and striatum in 
response to future neural activity.  
Others have shown that BDNF release is activity-dependent; however, no one 
has ever been able to measure BDNF release in contexts of cognitive and physical 
activity. In Chapter 4, we investigate how cognitive and physical activities modulate 
BDNF release by measuring extracellular BDNF in the hippocampus and striatum. 
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CHAPTER 4: 
USING MICRODIALYSIS TO MEASURE THE EFFECTS OF COGNITIVE AND 
PHYSICAL ACTIVITY ON EXTRACELLULAR BDNF IN THE HIPPOCAMPUS AND 
STRIATUM 
 
ABSTRACT 
Previous studies have shown region- and task-specific increases in brain-derived 
neurotrophic factor (BDNF) tissue content following cognitive testing and physical 
activity.  These measurements encompass both intracellular and extracellular BDNF, 
making it difficult to discern whether expression, storage, or release of BDNF is the 
primary target of activity-induced modulation. Given that BDNF is a secreted protein, in 
vivo microdialysis methods were developed and validated via silver stains, Western 
blots, and enzyme-linked immunosorbent assays (ELISAs) to measure BDNF in the 
extracellular fluid (ECF).  Microdialysis was performed prior to, during, and following 
cognitive testing in sedentary and physically active rats to detect changes in BDNF 
release during cognitive activity and modulation of release patterns by prior physical 
activity.  Concentrations of ECF BDNF in the hippocampus and dorsal striatum were 
measured in sedentary or physically active rats while they were trained on a 
hippocampus-sensitive place task or a striatum-sensitive response task.  Both tasks 
were conducted on the same 4-arm radial maze using food reward. The microdialysate 
was collected into micropipette tips (0.5 µl/ min, 90 min samples) and diluted with 
sample buffer prior to ELISA quantification of BDNF concentrations.  In the 
hippocampus, place learning produced increases in ECF BDNF from baseline while 
response training produced decreases.  The increase during place learning was 
potentiated in Exercise rats.  The opposite pattern was seen for the striatum, with place 
training producing decreases in ECF BDNF compared to response training.  For the 
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striatum, exercise did not potentiate the learning induced response in ECF BDNF but 
instead potentiated baseline levels; this elevated response of ECF BDNF was 
maintained throughout response training. Because changes in ECF BDNF likely reflect 
changes in BDNF release, these data show that BDNF release is sensitive to prior 
physical activity in addition to cognitive demands.  Moreover, the striking dissociation in 
the dynamics of extracellular BDNF during place and response training suggests that 
region-specific patterns in BDNF release may reflect the cognitive strategies engaged 
by training in different tasks.   
INTRODUCTION 
 Mature Brain-derived neurotrophic factor (mBDNF) is viewed as a key regulator of 
neural plasticity associated with various contexts including long-term potentiation of 
synaptic strength (LTP), learning and memory, drug addiction, and exercise.  The 
acceptance of mBDNF as a component of the cellular signaling involved in plasticity has 
been established by many approaches including the delivery of antagonists and 
agonists, genetic manipulations, activation of downstream targets, and analysis of 
protein and mRNA content (Patterson et al., 2001; Lu, 2003; Tyler et al., 2002; Korte et 
al., 1996; Patterson et al., 1996; Linnarsson et al., 1997; Korol et al., 2013; Aicardi et 
al., 2004; Alonso et al., 2002; Andero et al., 2011; Mizuno et al., 2000; Mu et al., 1999). 
BDNF mRNA and protein content increase following physical activity and cognitive 
testing in a brain region-specific manner (Kesslak et al., 1998; Ma et al., 2011; Kim et 
al., 2012; Mizuno et al., 2000; Hall et al., 2000; Cotman and Berchtold, 2002; Gomez 
Pinilla et al., 2007; Marais et al., 2009; Neeper et al., 1996; Korol et al., 2013). The 
extracellular cleavage of proBDNF to mBDNF and the subsequent signaling of mBDNF 
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through its cognate TrkB receptor are potent modulators of learning and memory (for 
review see Tyler et al., 2002; Lu, 2003; Lu 2005). Furthermore, we have previously 
shown that increases in BDNF-TrkB signaling in specific memory systems supports 
enhancements in cognition following priming with exercise (Korol et al., 2013; Chapter 
2) and priming with prior cognitive testing (Korol et al., 2013; Chapter 3). Together, 
these findings point to a specific role for mBDNF signaling in those brain regions 
selectively engaged during learning and memory. 
Though originally considered to act in the retrograde fashion typical of trophic 
factors, it is now known that BDNF can be released from pre-synaptic elements (Jia et 
al., 2010; Hartmann et al., 2001) and transported in an anterograde fashion to post-
synaptic neurons (Kohara et al., 2001).  Converging lines of evidence point to BDNF 
secretion and signaling as processes that, upon neural activation, increase to induce 
neural plasticity in activated neural circuits that includes further BDNF expression and 
release (Zafra et al., 1990; Goodman et al., 1996; Chen et al., 2010; Hall et al., 2000; 
Patterson et al., 2001; Canossa et al., 1997; Hartmann et al., 2001).   Past studies 
revealing the activity-dependence of BDNF release were conducted in vitro using 
electrophysiological or pharmacological activation or inactivation of neural tissues 
(Kohara et al., 2001; Balkowiec and Katz, 2002; Greenberg et al., 2009; Naggapan et 
al., 2009; Kuczewski et al., 2008).   
Currently, methods for detecting changes in BDNF as a consequence of, for 
example, cognitive testing rely on comparisons of tissue content or expression patterns 
before and after the experimental manipulation and therefore do not directly measure in 
vivo changes during behavior.  Moreover, these methods most often use extractions 
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from whole tissues, comprising vesicular, receptor bound, as well as free extra- and 
intracellular BDNF, and thus are unable to separate intracellular from extracellular 
content or distinguish changes in expression, storage, or release.   
Because the cognitive benefits afforded by increased mBDNF following 
exposures to exercise or cognitive priming are attenuated by blocking mBDNF signaling 
through TrkB receptors, it is likely that the modulation of BDNF release and the 
cleavage of proBDNF to mBDNF at the time of cognitive testing mediates the 
enhancements in learning and memory.  Furthermore, BDNF release is believed to be 
an activity-dependent process, though very few in vivo studies have directly 
demonstrated this (Humpel et al., 1995), Thus, techniques in awake behaving animals 
that allow measures of extracellular BDNF as a proxy for levels of release resulting from 
cognitive and/or physical activity would create a better understanding of the role that 
BDNF release and signaling play in learning and memory under various conditions. 
  In the current study, we developed a novel in vivo method of BDNF 
measurement (that includes both pro and mature BDNF) that combines microdialysis for 
collection and ELISA for quantification of BDNF in the extracellular fluid (ECF).  These 
techniques were used to test how BDNF release patterns in two different memory 
systems, the hippocampus and striatum, shift under different cognitive and physical 
contexts.  Importantly, silver stains and western blots were performed to verify, 
respectively, the range of molecular weights of all proteins and the presence of pro and 
mature BDNF in the collected dialysate.  
All rats were implanted with a microdialysis cannula in the hippocampus or the 
striatum. ECF samples were collected prior to, during, and following a hippocampus-
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sensitive place task or a striatum-sensitive response task. Two approaches were taken 
in this study.  First, to test for dissociations in release of BDNF across these two 
cognitive tasks, we compared BDNF in the dialysate taken from hippocampus and 
striatum during place and response learning in sedentary rats.  Second, to evaluate the 
modulatory effects of voluntary exercise on BDNF release and its role in cognition, we 
compared ECF BDNF in the hippocampus of physically active versus sedentary rats 
prior to, during, and following place learning. The same comparisons were made for 
ECF BDNF collected from the striatum in response-trained rats that were physically 
active or sedentary. Finally, the effects of cognitive priming on BDNF release in the 
hippocampus and striatum during place and response training were examined. ECF 
BDNF was measured in the hippocampus or striatum of rats that were SA tested, then 
place or response trained. 
METHODS 
Subjects and general procedure 
Young adult (90-100 days old) male Sprague-Dawley rats were purchased from 
Harlan Laboratories (Oregon, Wisconsin, USA).  Upon arrival, rats were individually 
housed in translucent cages with a 12-h light/dark cycle and ad libitum access to food 
(Teklad diet 8604) and water until preparation for cognitive testing.   After at least two 
days acclimation to the vivarium, rats underwent stereotaxic surgery for unilateral guide 
cannula implantation into the hippocampus or striatum. 
Following one week of recovery from surgery, rats were placed in cages with or 
without voluntary access to running wheels. Rats in the Exercise group were given free 
access to running wheels for three weeks, while rats in the Sedentary group remained 
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housed individually in standard cages without wheels.  During the week prior to maze 
training or during the third week of wheel running rats were placed on a food restriction 
regimen to reduce body weights to 80-85% of their free-feeding weights to motivate 
learning on both tasks.   
 On the day of training, a microdialysis probe was carefully inserted into the 
brain through the guide cannula and dialysis procedures initiated. One hr following the 
start of microdialysis, baseline sample dialysate was collected for 90 min.  Maze training 
was initiated and the subsequent 90 min sample collection was during place or 
response learning, and the last 90 min sample collection occurred following maze 
training when the rat was returned to its home cage. In experiments of ECF BDNF 
collection in cognitively primed rats, following the 90 min baseline collection, rats were 
placed on the SA maze for 20 minutes (20 min collection), then returned to home cage 
and moved to a new room (1 hr collection), then place- or response-trained (90 min 
collection), and then post training collection was 90 min.  
For each brain region sampled, there were three different experimental groups, 
generating six different groups of rats as follows:   
Hippocampus:  sedentary, place-trained (n = 7); sedentary, response-trained 
(n=6); exercise, place-trained (n = 10); cognitively primed, place-trained (n=5). 
Striatum:  sedentary, place-trained (n = 4); sedentary, response-trained (n = 9); 
exercise, response-trained (n = 7); cognitively primed, response-trained (n=5).  
 In experiments of ECF BDNF collection in cognitively primed rats, following the 
90 min baseline collection, rats were placed on the SA maze for 20 minutes (20 min 
collection), then returned to home cage and moved to a new room (1 hr collection), then 
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place (n=5) or response (n=5) trained (90 min collection), and then post training 
collection was 90 min.  
Cannula Surgery 
Two plastic microdialysis guide cannulae (CMA/12 type; 3 mm; Harvard 
Apparatus, Holliston, MA) were unilaterally implanted under stereotaxic control in rats 
under isofluorane anesthesia.  The cannula was aimed at either the ventral 
hippocampus (AP=-5 mm; ML=+/-5 mm; DV=-3.2 mm; Figure 4.1A) or lateral striatum 
(AP=+0.3 mm; ML=+/-4.3 mm; DV=2.7 mm; Figure 4.1B).  Four screws were inserted 
into the skull around the cannula to anchor the cemented head cap on the skull.  The 
assemblage was cemented in place using dental acrylic.  All rats were allowed at least 
one week to recover after surgery.  
Running Wheels 
All animals in the Exercise group were given access to running wheels (Lafayette 
Instruments Co.) for 21 days.  Running wheels (35.5 cm diameter and 10.9 cm wide) 
were constructed of stainless steel. The running surface was composed of 1.5 mm rods 
connected by 7.9 mm centers with a 6.3 mm gap. Transparent plastic walls enclosed 
the wheels. A rectangular guillotine-style door was built into the wheel and connected 
via a short stainless steel tunnel to the shoebox cage to restrict or allow access into and 
out of the wheel. The wheel sat above a steel tray (~40.5 cm L x 36 cm W) to collect 
debris (Figure 1).  In a separate room, a computer recorded running distances by 
tracking wheel revolutions using the Activity Wheel Counter (Lafayette Instruments Co.).  
Each wheel revolution was equivalent to 1.1 meters.  Wheel revolutions were recorded 
every 4 hours throughout the entire experimental period. 
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Microdialysis procedures 
 On the day of training, CMA 12 high cutoff probes (100 kD cut off; 3 mm; Harvard 
Apparatus, Holliston, MA) were carefully inserted into cannula sites.  The probes were 
connected to CMA 12 FEP tubing (Harvard Apparatus, Holliston, MA) to deliver aCSF 
from the CMA 400 syringe pump (Harvard Apparatus, Holliston, MA) to the brain. A 
sterile 10 µl micropipette tip (with a capacity of 20 µl) was inserted into the outlet port of 
the microdialysis probe via a flexible connector tube (CMA, Harvard Apparatus, 
Hollister, MA). The dispensing end of the micropipette tip was inserted into the 
connector tube and the tip opening was covered with parafilm (Pechiney Plastic 
Packaging, Menasha, WI) to create capillary action to collect and retain the 
microdialysate in the tip (see Figure 4.1). A minute after probe insertion, the 
microdialysis procedure began.  Throughout the microdialysis procedure, probes were 
perfused intracranially with aCSF (in mM: 128 NaCl, 2.5 KCl, 1.3 CaCl2, 2.1 MgCl2, 0.9 
NaH2PO4, 2.0 Na2HPO4, 1.0 dextrose) at a rate of 0.5 µl/min while brain dialysate was 
collected.  Each sample was dispensed into microfuge tubes on ice and stored at -20oC 
until ELISA analyses for BDNF.   
 One hr was allowed for dialysis to stabilize before any dialysate samples were 
collected for analysis.  Prior to training, dialysate samples were collected from the 
hippocampus or striatum of each rat for one 90 min baseline measurement while the rat 
was in its home cage. The dialysate sample taken during training was collected over the 
following 90 min while rats were trained on the place or response version of the maze. 
The final sample was a post-training sample collected for 90 min following the cessation 
of training when the rat was returned to its home cage. After the final sample collection, 
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rats were overdosed with sodium pentobarbital and brains assessed for verification of 
probe placement. Rats with misplaced probe insertions or obvious damage that 
extended beyond the probe placement were excluded from analysis (n=5).   
BDNF concentrations in each dialysate sample were analyzed using a Promega 
Emax BDNF ELISA kit (Promega, Madison, Wisc.) and were compared across training 
groups and physical activity groups (see detailed methods below). 
Behavioral Training  
Place and response training were conducted in a 4-arm, plus-shaped maze 
configured into a “T”.  Both tasks required rats to determine the location of a food reward 
(half of a Frosted Cheerio ©). Rats trained on the place task learned to locate a food 
reward that was placed in the same region of the room (i.e. east or west arms of the 
maze; Figure 4.2A). Rats trained on the response task learned to locate a food reward 
using body movements (i.e. simple right or left turns; Figure 4.2B). Training occurred 
between 3 and 8 hours after the start of a light cycle.  
The maze was constructed of black, 0.64-cm-thick Plexiglas® and the floor of 
black, matte Plexiglas®. Each of the four arms was 13 cm wide, 18 cm high, and 46 cm 
long. The center of the maze where all four arms converged was 12 X 12 cm (144 cm2?)  
The maze was affixed to a 46 cm diameter platform with stops at 90o that allowed for the 
rotation of the maze.  Receptacles with a perforated base were attached to the ends of 
each maze arm.  Inaccessible Frosted Cheerios© were placed beneath each receptacle, 
so that all arms contained odor cues from the food reward, thereby diminishing the 
ability of rats to use odor cues to learn the task.  In the place training condition, several 
extramaze visual cues were available to rats. In the response training condition, ceiling-
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to-floor sheets surrounded the maze to obstruct access to extramaze visual cues.  A 
lamp with indirect lighting was placed in each corner of the room providing symmetrical 
ambient light.  A fan was used to mask building noise.  
Training Procedure  
 For each rat, start arms were quasi-randomized across twenty trials, so that each start  
arm (“north” or “south”) was used for 10 trials.  For the place task, the goal location (east 
or west) and for the response task the direction of body turn (right or left) were 
counterbalanced across rats within a treatment condition.  
 A trial started when a rat was placed in the start arm and ended after all four 
paws entered the choice arm.  For each trial, the rat was placed in a start arm and given 
the choice of going down one of the two possible reward arms.  For correct, rewarded 
choices, the rat was allowed to remain in the arm until eating was complete before being 
returned to its holding cage for the intertribal interval of 30 sec.  If the rat chose the 
incorrect, unrewarded arm, it was allowed to remain for ~5 sec or until it turned to exit 
before being returned to the holding cage for the intertrial interval.  The maximum trial 
time allowed was 2 min, after which the rat was returned to the cage without making an 
arm choice.  A lack of choice was considered an omission and did not contribute to the 
number of recorded correct or incorrect choices.  Between trials, the maze was rotated 
90o to reduce the use of intra-maze cues.   
Silver Stain to Determine Total Protein 
Silver staining of gels prepared with dialysate samples was performed to 
determine the molecular weights of the proteins collected by our microdialysis 
technique. Dialysate samples were combined 2:1 with 2X protein loading buffer (LI-COR 
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Biosciences, Lincoln, NE) and 10% β-mercaptoethanol and boiled for 10 min prior to 
being resolved on 4-20% polyacrylamide mini-protean TGX precast gels (BioRad 
Laboratories, Hercules, CA). Prepared samples (15 µl) and Kaleidoscope precision plus 
protein standards (4 µl; BioRad Laboratories, Hercules, CA) were loaded in triplicate 
and electrophoresed in SDS-TrisGlycine running buffer at 200 V for 35 min. Following 
electrophoresis the gels were cut so that each sample and protein standard triplicate 
were separated from each other. The gel pieces were then set for 20 min in fixative 
enhancer solution made of 50% methanol (Sigma Aldrich, St. Louis, MO), 10% acetic 
acid (Sigma Aldrich, St. Louis, MO), 10% fixative enhancer concentrate (BioRad 
Laboratories, Hercules, CA), in 30% deionized (DI) H2O. Then gels were rinsed 3 times 
for 10 min in DI H2O. Following rinsing, gel pieces were incubated for 7, 15, or 20 min in 
development solution (BioRad Laboratories, Hercules, CA) prepared according to 
manufacturer’s instructions. The shorter incubation time (7min) allowed us to resolve 
the molecular weight proteins that were the highest concentration in our samples.  
However, the shortest incubation time failed to resolve the larger less abundant 
molecular weight proteins present in our sample. Curious about the molecular weight 
range of our proteins, we also used series of longer incubation times. Following 
incubation, the development solution was decanted and a stop solution of 5% acetic 
acid was incubated on gel sections for 15 minutes. Prior to framing, the gels were rinsed 
with DI H2O for 5 min.   
Western Blot 
Western blot analysis was performed on sample dialysate to detect whether both 
mature and pro-forms of BDNF were present, because the BDNF ELISA used for BDNF 
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quantification can detect both pro- and mature forms of BDNF. Dialysate samples were 
combined 2:1 with (LI-COR Biosciences, Lincoln, NE) 2X protein loading buffer (LI-COR 
Biosciences, Lincoln, NE) and 10% β-mercaptoethanol and boiled for 10 min prior to 
running on the gel. Prepared sample dialysate (30 µl) and Kaleidoscope precision plus 
protein standards (5 µl) (BioRad Laboratories, Hercules, CA) were resolved by 
electrophoresis on a 15% SDS-polyacrylamide gel, run for 75 min at 175 V. Following 
electrophoresis, proteins were transferred to a nitrocellulose membrane (Trans-Blot 
transfer medium; BioRad Laboratories, Hercules, CA), for 1 hr at 80 V.  Following 
transfer, the nitrocellulose membrane was blocked in 5% non-fat dry milk (SACO Foods 
Inc., Middleton, WI) and 0.05 M PBS.  The nitrocellulose membrane was then incubated 
at 4 oC for 22 hr in anti-BDNF antibody (Pierce Biotechnology, Rockford, IL) (1:1000) in 
1% non-fat dry milk and 0.1% tween. Following primary antibody incubation, the 
nitrocellulose membrane was washed 4 times for 10 min in 0.05 M PBS and 0.1% 
tween. Then the nitrocellulose membrane was incubated for 1 hr at room temperature in 
a secondary antibody of green goat anti-rabbit (1:5000) (LI-COR Biosciences, Lincoln, 
NE) in 2% non-fat dry milk and 0.1% tween.  The membrane was then washed 4 times 
in 0.05 M PBS and 0.1% tween, rinsed for 2 min in DI H2O and dried overnight. The 
following day, the membrane was scanned on the Odyssey infrared detection imaging 
system (LI-COR Biosciences, Lincoln, NE) to identify the amount and type of protein 
species present. 
BDNF ELISA 
Each sample was thawed on ice and diluted (1:6) with 1X block and sample 
(B&S) buffer (Promega, Madison, WI). Sandwich-style enzyme-linked immunosorbent 
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assays (ELISAs) were performed to detect BDNF using the BDNF Emax ImmunoAssay 
System kit (Promega, Madison, WI) according to manufacturer’s instructions. Briefly, the 
96-well plate was coated with anti-BDNF mAb and refrigerated overnight (16-20 hr).  
The following day, the wells were blocked for non-specific binding with 1X B&S buffer 
for 1 hr. Samples and standards ( ranging from 30,15, 7.5, 3.75, 1.87, 0.93, and 0 
pg/ml) were added (100 µl/well) to the coated wells and incubated on a plate shaker for 
2 hr at room temperature.  The wells were then washed (5 X) with 1X B&S buffer and 
incubated and shaken with 100 µl anti-human BDNF pAb for 2 hr.  Following another 
wash (5X), the wells were incubated and shaken with Anti-IgY HRP conjugate for 1 hr. 
Following a final wash, 100 µl of HRP substrate (TMB One solution) was added to the 
wells, which were shaken for 10 min. The oxidation reaction was stopped with 100 µl of 
1N HCl. The absorbance of each well was read at a wavelength of 450 nm (within 10 
min of stopping the reaction) in a Fischer Scientific ThermoMax microplate reader with 
Ascent software (Fischer Scientific, Pittsburgh, PA). BDNF content was interpolated 
from standard curves run on each plate. In previous Chapters 2 and 3, we measured 
only mBDNF with this same ELISA kit. However, in the current study both mBDNF and 
proBDNF were detected in the microdialysis samples. The difference between the 
current study and previous studies (Chapters 2 and 3) is that we are using extracellular 
fluid instead of brain homogenate. When using brain homogenate it is necessary to acid 
treat the samples to measure both pro and mature forms of BDNF. However, since we 
are using extracellular fluid in the current study, no acid treatment is necessary to 
recover both forms of BDNF. Thus, this particular ELISA protocol is measuring both pro 
and mature forms of BDNF.  
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Statistical analysis  
Mean baseline ECF BDNF levels in the hippocampus and striatum were 
compared between place- and response- trained sedentary rats using unpaired, two-
tailed Student’s t-tests.  Changes in ECF BDNF in the hippocampus and striatum during 
and after place and response learning were determined by calculating difference scores 
from baseline levels and used as the dependent measure for comparisons between 
activity groups, between learning tasks, and their interaction.  Repeated measures 
analysis of variance (ANOVAs) were used to determine changes in ECF BDNF within 
brain region.  Two-way ANOVAs were used to measure task x brain region interactions 
in the hippocampus and striatum of place and response trained sedentary rats.  Paired 
Student’s t-tests were performed to compare post training concentrations from baseline 
concentrations of ECF BDNF in the hippocampus and striatum following place and 
response training. To compare % correct across implant sites (hippocampus and 
striatum) and task (place and response) a 2-way ANOVA was conducted. To compare 
the baseline ECF BDNF concentrations in exercise and sedentary rats in the 
hippocampus and striatum a 2-way ANOVA was performed. One-way repeated 
measures ANOVAs were used to determine changes in ECF BDNF across place and 
response training. Repeated measures ANOVAs were used to determine differences in 
ECF BDNF between brain regions in exercise rats during training.  One-way repeated 
measures ANOVAs were used to determine changes in raw ECF BDNF in the striatum 
of exercise and sedentary rats. Repeated measures ANOVAs were used to measure 
differences across the average daily distance run per week in rats that had 
hippocampus and striatum implants.  Statistical significance was set at alpha = 0.05. 
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All procedures followed the institutional and federal guidelines and were approved by 
the IACUC at the University of Illinois. 
RESULTS 
Examination of the silver stained gels of our samples showed that the dialysate 
contained proteins with molecular weights that ranged from 10-75 kD. There appeared a 
rather dramatic cut-off at ~75kD.  The three exposure times for the silver staining 
allowed visualization of the range of molecular weights of proteins in our sample. The 
shorter incubation time allowed detection of proteins that were the highest 
concentrations in our sample, while the longest incubation times showed the full range 
of protein molecular weights in our sample. For example, after 7 min of silver stain 
exposure there were protein species at ~14 kD and ~70 kD (Figure 4.3A).  After 15 min, 
there were several protein species spanning from 10 kD to 75 kD (Figure 4.3B), and 
after 20 min the smear of proteins ranged from 10 kD to 75 kD but did not exceed 75 kD 
(Figure 4.3C).  At all exposure times, the 14 kD and 70kD bands were dramatically 
larger than were bands at other molecular weights (Figure 4.3A-C).   
The western blot detected bands, ranging between 10-15 kD when incubated 
with anti-BDNF antibody.  Protein bands at these molecular weights correspond with 
mature (Figure 4.3D).  
There were no differences in baseline values of ECF BDNF between rats 
assigned to place training and rats assigned to response training for both the 
hippocampus (t11=0.03, p > 0.2) and striatum (t11=0.58, p>0.2; data now shown). 
Interestingly, baseline values of ECF BDNF were significantly different between the 
hippocampus and striatum (t24=3.31, p<0.01) with concentrations from the hippocampus 
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(2.8 pg/ml ± 0.57 pg/ml) more than three times concentrations found in the striatum 
(0.84 pg/ml ± 0.18; Figure 4.4). 
 Responses of ECF BDNF to training on the two different tasks were compared 
within structure to determine whether cognitive strategy required by the task altered the 
pattern of BDNF release. In the hippocampus, ECF BDNF concentrations increased 
during place learning but decreased during response learning (Figure 4.5A).  The 
opposite was seen in the striatum, where ECF BDNF levels increased during response 
learning and decreased during place learning (Figure 4.5B).  This pattern of results can 
be seen as a response to training measured as a change from baseline.  There was  no 
main effect of either task (F(1,22)=1.3, p>0.2) or brain region (F(1,22)=0.52, p>0.2) on the 
change in ECF BDNF in the hippocampus (Figure 4.5A) and striatum (Figure 4.5B) 
during place and response training.  However, there was a significant interaction effect 
of task and brain region (F(1,22)=14, p<0.001), highlighting the double dissociation in 
BDNF response between task and brain structure. When analyzed within brain 
structure, hippocampal ECF BDNF was significantly different in place and response 
trained rats (t11=2.7, p<0.05; Figure 4.5A) while striatal ECF BDNF was not (t11=2.06, 
p=0.06; Figure 4.5B). 
After training when rats were removed from the maze, the ECF BDNF in the 
hippocampus returned to baseline, as values were not different from baseline following 
place (t12=0.19; p>0.2) or response training (t10=1.5; p<0.2).  The post-training ECF 
BDNF levels in the hippocampus were also not different from training following place 
(t12=0.3; p>0.2) or response (t10=0.19; p>0.2) training. In the striatum, the ECF BDNF 
concentrations returned to baseline after place training (t6=0.2; p>0.2), but continued to 
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increase following response training.  However, ECF BDNF values at the post-training 
time point were not statistically different from baseline values (t16=1.8; p=0.07) and were 
not different from response training values (t16=0.6; p>0.2). 
For percent correct on the place and response tasks there was a main effect of 
task (F(1,21)=15, p<0.001) and brain region (F(1,21)=9.6, p<0.01), however there was no 
interaction between task and brain region (F(1,21)=0.014, p>0.2). Regardless of the 
implant site (hippocampus or striatum), rats performed better on the response task than 
on the place task, as seen by higher percent correct choices across the whole training 
period (hippocampus: t11=2.6, p<0.05; striatum: t9=2.94, p<0.05; Figure 4.6).  Moreover, 
there were significant differences in the percent correct on the place task (t9=2.68, 
p<0.05) across rats with intrahippocampal and intrastriatal probes.  There were not 
statistically significant differences in learning the response task across rats with 
intrahippocampal and intrastriatal probes (t12=2.02, p<0.1).   
Physical activity modulated ECF BDNF in the hippocampus and striatum in 
different ways. There was no main effect of brain region (F(1,29)=0.82, p>0.2) or exercise 
condition (F(1,29)=2.02, p<0.2) on baseline ECF BDNF levels. There was no effect of an 
interaction between brain region and exercise condition (F(1,29)=1.82, p<0.2) on baseline 
ECF BDNF levels. The baseline ECF BDNF concentrations in the hippocampus were 
the same in sedentary and exercise rats (t15=0.08, p>0.2; Figure 4.7A).   In the striatum, 
ECF BDNF was elevated before response training in Exercise rats compared to 
sedentary rats, although the increase did not reach statistical significance (t14=1.92, 
p<0.1; Figure 4.7B).  Striatal baseline concentrations of ECF BDNF in exercise rats 
actually rose to the levels measured in the hippocampus of sedentary and exercise rats.  
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Physical activity had different effects on the hippocampal and striatal responses of ECF 
BDNF to training in the canonical tasks. For example, using change from baseline, 
priming with exercise produced significantly elevated ECF BDNF responses to place 
learning in the hippocampus (F(2,18)=5.34, p<0.05; Figure 4.8A).  In contrast, exercise 
failed to potentiate the increase in striatal ECF BDNF during response learning 
(F(2,12)=0.8, p>0.2; Figure 4.8B) and compared to the response measured in sedentary 
controls. This interaction between exercise status and brain structure/task on the ECF 
BDNF levels was seen as a trend that did not quite reach significance (F(2,30)=2.8, 
p<0.1).  Because mean baseline values of ECF BDNF in the striatum tended to be 
elevated in exercise rats, evaluation of raw BDNF values across the training period 
revealed that BDNF concentrations in the striatum of exercise rats were consistently, 
though not significantly, higher than levels in the sedentary controls (F(1,14)=3.6, p<0.1; 
Figure 4.9).  Viewed in this way, striatal ECF BDNF in exercise rats was high prior to 
training and remained high through training whereas levels in sedentary rats rose during 
training and remained high after training (Figure 9). 
Distances run and accuracy levels during training were the same in rats with 
hippocampus and striatum implants. Rats with hippocampus and striatum implants 
demonstrated substantial running that increased across the three-week period 
(hippocampus: F(2,18)=10, p<0.05; Figure 4.10A; striatum: F(2,12)=4.9, p<0.05; Figure 
4.10B).  For example, daily running accumulated more than 20 m during week one that 
rose to over 100 m during week three. During week three when food restriction was 
conducted, there was elevated running. There were no differences in distance run 
between rats with hippocampus or striatum implants across any time point (F(2,30)=0.03, 
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p>0.2).   Three weeks of access to running wheels failed to enhance learning in place 
(t13=0.24, p>0.2) or response (t15=0.4, p>0.2) tasks (data not shown). 
There was a slight increase in ECF BDNF in the hippocampus and a slight 
decrease in ECF BDNF in the striatum during SA testing, but these changes in ECF 
BDNF from baseline were not significant.  During SA testing there was no change from 
baseline in ECF BDNF levels in the hippocampus (t4=0.8; p>0.2; Figure 4.11A) or 
striatum (t4=2.28; p<0.1; Figure 4.11B). In rats that were cognitively primed with SA 
testing, there was no change in ECF BDNF in the hippocampus during place training 
(t4=1; p>0.2; Figure 4.11A) and an increase in ECF BDNF in the striatum during 
response training, but this increase in striatal ECF BDNF was not statistically significant 
(t4=1.4; p>0.2; Figure 4.11B). Place and response learning scores were above 50% 
correct in the response task, but at 50% correct (chance) in the place task (Figure 
4.10C). SA testing scores were above chance (44%) (Figure 4.11D). 
DISCUSSION 
This report marks the first published study of in vivo measurements of 
extracellular BDNF in rats moving on a T-maze and engaging in hippocampus- and 
striatum-sensitive learning strategies. The use of the microdialysis method provided the 
first evidence of BDNF release being modulated by learning strategies in the 
hippocampus and striatum.   Additionally, the microdialysis method was capable of 
providing evidence of the differences in learning-induced BDNF release in the 
hippocampus and striatum following voluntary exercise.  
The microdialysis technique has been particularly well validated for the in vivo 
monitoring of extracellular levels of neurotransmitters, and less so for peptides, 
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hormones, and neurotrophic factors. Although there are several studies, including 
reports from our lab, that use the microdialysis method in the brains of awake behaving 
rats (Chang and Gold, 2003; Pych et al., 2005a; 2005b; Newman et al., in prep; 
Ragozzino et al., 1998), none have yet measured BDNF (for review see Shippenberg 
and Thompson, 2001; Humpel et al., 1995). In fact, microdialysis methods have been 
successfully used to measure extracellular neurotrophic factors in the hippocampus and 
striatum of awake rats prior to and following administration of kainic acid (Humpel et al., 
1995).  However, in this report the bioassays and enzyme immunoassays (EIA) used to 
quantify neurotrophic factor release were specific to the neurotrophic factor NT-3 
(Humpel et al., 1995).  Moreover, the authors provided confirmation that the 
neurotrophic factor NT-3, not BDNF, increased in the hippocampus following the 
administration of the excitatory drug kainic acid. Although the microdialysis method did 
successfully collect neurotrophic factors of the same molecular weight as BDNF, 
evidence of extracellular BDNF in the striatum or hippocampus was not reported 
(Humpel et al., 1995).  Furthermore, Humpel et al., 1996 argue that neurotrophic factors 
are difficult to capture in conditions when the animal is moving. Thus, their experiments 
never measured neurotrophic factors in rats engaged in cognitive tasks.    
This is the first study to measure release of BDNF in the contexts of cognitive 
and physical activity. BDNF measurements from brain homogenate are not on their own 
useful for understanding the role of activity-dependent BDNF release in learning 
because BDNF protein content in whole tissue homogenate is a combination of several 
non activity-dependent forms of BDNF (i.e. vesicular, receptor bound, intracellular 
trafficking forms, and constitutively released forms of BDNF).  In addition, the 
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microdialysis technique allows for simultaneous drug infusion during dialysis (Qi and 
Gold, 2009; Sadowski et al., 2011). It is possible to use this technique to gain more 
information concerning cognitive and physical activity-induced BDNF release in the 
presence of pharmacological agents in the brain.  For example, given that BDNF-TrkB 
signaling in itself is hypothesized to play a role in potentiating BDNF release (Bramham 
and Messaoudi et al., 2005; Canossa et al., 1997), this technique could be used to 
measure BDNF release in the presence of TrkB inhibitors, in physically active and 
sedentary rats.  
Our silver stains demonstrated that our samples contained protein sizes ranging 
from 10-75 kD. Thus, our microdialysis method is likely collecting both pro (32 kD) and 
mature (14 kD) forms of BDNF. Western blots of our sample dialysate further confirmed 
the presence of mature BDNF species.  Given that the BDNF ELISA we used is 
sensitive to both pro and mature forms of BDNF, the BDNF concentrations reported 
here include both pro and mature BDNF.    
Both pro and mature BDNF are released in an activity-dependent manner (Yang 
et al., 2009; Mowla et al., 2001; for review see Cunha et al., 2010).  Upon release, 
proBDNF is proteolytically converted to mBDNF by extracellular proteases (Seidah et 
al., 1996; for review see Greenberg et al., 2009; Lu, 2003; Lu, 2005).  The extracellular 
conversion of pro to mature BDNF appears to be important for learning and memory 
processes; and inhibition of the extracellular proteases (i.e. tissue plasminogen activator 
(tPA)) interferes with synaptic plasticity and learning and memory processes (Pang et 
al., 2004; Barnes and Thompson 2008). Furthermore, the impairments induced by tPA 
inhibition is reversed with mBDNF administration (Pang et al., 2004).  In fact, tPA 
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increases in an activity-dependent manner. For example, membrane depolarization and 
physical fitness increases tPA activity (Gualandris et al., 1996; Baranes et al., 1998; 
Ding et al., 2011).  Thus, using the microdialysis method in contexts of cognitive and 
physical activity to quantify extracellular mBDNF and proBDNF separately will be an 
important future direction of these findings.   
The use of the microdialysis technique demonstrated that the hippocampus and 
striatum have different concentrations of ECF BDNF at baseline.  Others have reported 
that the hippocampus and striatum release BDNF via different mechanisms. For 
example, in the hippocampus, BDNF is released both pre- and post-synaptically 
(Hartmann et al., 2001; Edelmann et al.,2014). However, in the striatum BDNF is 
released only presynaptically (Jia et al., 2010).  Given this evidence, it is plausible that 
the hippocampus has higher levels of ECF BDNF compared to the striatum. For 
example, ECF NT3 levels are reduced in the striatum compared to the hippocampus 
(Humpel et al., 1995). In addition, others have shown the hippocampus has higher 
levels of BDNF mRNA and protein compared to the striatum (Conner et al., 1997; Croll 
et al., 1998). 
The differences in extracellular BDNF concentrations in the hippocampus and 
striatum during place and response training demonstrated the sensitivity of BDNF 
release to learning strategies. For example, when the hippocampus is actively engaged 
during the place task or the striatum during the response task, BDNF release increases 
in the canonical structure to support learning.  It is possible that noncanonical areas (i.e. 
the hippocampus during the response task and the striatum during the place task) 
inhibit BDNF release during task learning to actively eliminate competition between 
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memory systems.  Previously we have shown that inhibition of BDNF-TrkB signaling in 
the hippocampus and striatum attenuates priming-induced enhancements in place and 
response learning by either previous cognitive or physical activity (Chapters 2 and 3; 
Korol et al., 2013).  Thus, it is possible that if we inhibited BDNF-TrkB signaling in the 
noncanonical structure prior to training, we would see enhancements in place and 
response learning.  
Previously, our lab has shown that neurochemical shifts occur in the 
hippocampus and striatum, reflecting the cognitive strategies engaged.  For example, 
extracellular acetylcholine, glucose, and lactate increase in the hippocampus during 
place learning and the striatum during response learning (Chang and Gold, 2003; Gold 
et al., 2013; Pych et al., 2005a and b; Newman et al., in prep).  Furthermore, the 
hippocampus and striatum have no change or decrease in extracellular acetylcholine 
when rats are engaged in a noncanonical task (i.e. response learning for the 
hippocampus and place learning for the striatum) (Chang and Gold, 2003; Gold et al., 
2013). In the current study, increases in BDNF release were also brain region- and task-
specific. Taken together, these data provide further neurochemical evidence for the 
hippocampus and striatum as interacting neural systems during learning and memory.   
The specificity of increased BDNF release due to learning was further 
demonstrated by analyzing post-training ECF BDNF samples. In the hippocampus, ECF 
BDNF levels returned to baseline following either place training, and slightly decrease 
from baseline following response training.  Interestingly, in the striatum ECF BDNF 
levels returned to baseline following place training, but continued to increase following 
response training. Taken together, these results suggest that ECF BDNF levels are 
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sensitive to learning events in both the hippocampus and striatum, and that BDNF 
release in the striatum increases during the learning of a canonical task but not during 
the learning of a non-canonical task. Previously we have shown that whole tissue BDNF 
content in the striatum, but not the hippocampus, increases 24 hr following a working 
memory task (Scavuzzo et al., in prep).  It is possible that the long-lasting increase in 
striatal, but not hippocampal, BDNF content following spontaneous alternation testing is 
due to increased BDNF release in the striatum, but not the hippocampus, following the 
task. In a rewarded spontaneous alternation task, the striatum increases acetylcholine 
release compared to the hippocampus in the later stages of SA testing (Pych et al., 
2005).  Although the rewarded version of spontaneous alternation testing likely leads to 
a shift in striatal strategy, it is possible that the striatum engages in spontaneous 
alternation testing later in the testing period, potentially leading to increases in BDNF 
following testing.  
 The current findings demonstrate that physically active, but not sedentary rats 
had significantly increased ECF BDNF from baseline in the hippocampus during place 
learning. ECF BDNF in the striatum of physically active rats tended to be increased prior 
to, during, and following response learning compared to sedentary rats. Voluntary 
exercise has previously been shown to increase tissue levels of BDNF protein in the 
hippocampus and striatum (Ding et al., 2003; Berchtold et al., 2005, Korol et al., 2013; 
Scavuzzo et al., in prep). In addition, several studies have found that exercise 
treatments enhance hippocampal- and striatal-sensitive learning (Fordyce and Farrar, 
1991; Anderson et al., 2000; Van de Bought et al., 2007; Korol et al., 2013) and that 
BDNF signaling may underlie exercise-induced learning enhancements (Vaynman et 
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al., 2004; Korol et al., 2013). Although informative, these studies have been unable to 
elucidate the mechanism by which increases in BDNF protein and signaling play a role 
in exercise-induced learning enhancements.  Taken together with previous findings 
(Korol et al., 2013), the findings in the current study—increased ECF BDNF in the 
striatum prior to and during response learning, and in the hippocampus during place 
learning—provide further knowledge and understanding of the mechanism by which 
exercise enhances place and response learning.  The data in the current and past 
studies (Korol et al., 2013; Adlard et al., 2004; Ding et al., 2003; Berchtold et al., 2005) 
suggest that physically active rats have increased storage and release of BDNF protein 
in the striatum and increased release of BDNF in the hippocampus during task learning 
compared to sedentary rats.  Whether or not the learning-induced potentiation in ECF 
BDNF in the hippocampus of exercise rats results from alterations in BDNF metabolism 
is not yet known.    
In the current study, the effects of voluntary exercise enhancing place and 
response learning performance were not replicated. Of note, the rats in the current 
study ran much shorter distances over the 3-week running period compared to previous 
studies (Scavuzzo et al., in prep).  It is possible that the decreased running distances in 
the current study contributed to the lack of exercise effects on learning. Given that the 
microdialysis protocol pulls BDNF, other large proteins, neurotransmitters, and ions (for 
review see Shippenberg and Thompson, 2001) out of the ECF, it is possible that the 
microdialysis protocol interferes with the mechanisms that support exercise-induced 
learning enhancements.  Past studies in our lab using microdialysis to identify 
mechanisms of enhancements in learning due to estrogen treatment have also found a 
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lack of an effect of estrogen on place learning (Marriott and Korol, 2003). In the future to 
test if microdialysis is affecting learning in exercise rats we could turn off ECF collection 
during training to see if this affects learning scores.  
Cognitive priming with SA had no effect on ECF BDNF levels in the hippocampus 
and striatum during place and response training. Given that the experimental procedure 
to test for SA-induced changes in ECF BDNF during place and response training is 
different (microdialysis occurring for 90 min longer before place or response training, 
changing training rooms between SA testing and place or response training, and 
shutting the microdialysis pump on and off to switch rooms) it is likely that the different 
methodologies altered our ability to replicate our previous findings –increased ECF 
BDNF in the hippocampus during place learning and in the striatum during response 
learning. We wanted to test the hypothesis that priming with cognitive and physical 
activities enhance place and response learning via similar signaling mechanisms (see 
Chapters 1-3). In the current study, we found that physical activity increased ECF BDNF 
in the hippocampus and striatum during place and response learning, respectively. 
However, we were unable to show that cognitive priming with SA has any effect on ECF 
BDNF in the hippocampus or striatum before, or during place or response learning, 
respectively. Currently, our lab is attempting to design and execute studies that can 
overcome the methodological differences seen in the current study, so as to properly 
test the hypothesis that cognitive and physical activity are enhancing place and 
response learning via similar changes in BDNF release in the hippocampus and 
striatum.  
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The current study provides a novel, relatively simple method of measuring ECF 
BDNF in contexts of cognitive and physical activity. The data presented here provide 
the first published evidence of BDNF release in the hippocampus and striatum in 
response to engagement in canonical tasks. Our findings also highlight the differences 
in the patterns of BDNF release in the hippocampus and striatum. For example, after 
training on either task hippocampal ECF BDNF fails to rise whereas striatal BDNF 
continues to increase. In addition, this study provides further insight into the 
mechanisms underlying exercise-induced learning enhancements. We also report 
differences in the patterns of BDNF release in the hippocampus and striatum in 
physically fit animals in response to canonical task training.  Our data suggest that 
exercise-induced enhancements in response learning may be mediated by increases in 
BDNF release prior to training, while exercise-induced enhancements in place training 
may be mediated by increases in BDNF release during training.  Thus, the use of the 
microdialysis method to measure ECF BDNF can provide a valuable understanding of 
the mechanisms of BDNF release in the context of cognitive and physical awake 
behaving animals.  
 The microdialysis method used in this study can aid in understanding the time 
frame of BDNF release and signaling in response to physical fitness and learning 
strategies.  In addition, the use of the BDNF microdialysis technique could aid in 
elucidating the role of BDNF release in development, plasticity, aging, depression, and 
neurodegeneration. Decreases in BDNF protein and signaling have been implicated in 
the development of diseases such as Alzheimer’s and depression (Lee et al., 2005; 
Martinowich et al., 2007; Phillips et al., 1991; Zuccato and Cattaneo 2009) but it is 
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unknown if the mechanisms of BDNF release are altered in these brains.  Additionally, it 
would be interesting to measure whether drugs used to treat these diseases were 
capable of changing BDNF release. Thus, the method of measuring in vivo ECF BDNF 
levels will give us a better understanding of the role of BDNF signaling and release 
across models of development, disease, and pharmacological treatments.  
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FIGURES 
 
 
Figure 4.1. Diagram of hippocampus and striatum microdialysis probe implants. 
Cannulae were implanted above the ventral hippocampus (A) or lateral striatum (B).  On 
the day of training microdialysis probes were inserted via the cannula with a 3 mm 
projection into the brain area for collection of extracellular fluid.  Tubing was connected 
to the microdialysis probe for perfusion into and collection from the region of interest. 
aCSF was perfused into the brain and ECF was collected into a micropipette tip.  
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Figure 4.2. Place and response training.  In T-shaped mazes rats were trained on 
either the A) place or B) response tasks.  In A) place training, rats solved the maze by 
retrieving a food reward in the same location in the room, using extramaze cues.  In B) 
response training, rats solved the maze by retrieving a food reward using the same 
egocentric body movement (i.e. left or right turns).  
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Figure 4.3. Silver stain and Western blot of brain ECF samples.    Silver stains of 
the sample dialysate demonstrate that proteins in the ECF collected ranged from ~10 
kD to ~75 kD. In A) the 7 min silver stain incubation only proteins of molecular weights 
of 14 kD and 70 kD were present. In B) the 15 min silver stain incubation proteins of 
molecular weights ranging from 10 kD to 70 kD were present. In C) the 20 min silver 
stain incubation proteins of molecular weights ranging from 10 kD to 70 kD were 
present. D) A Western blot using anti-BDNF primary antibody detected protein bands at 
between 10-14 kD, indicating the presence of mature BDNF in the ECF collected in the 
sample dialysate. 
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Figure 4.4. Baseline ECF BDNF meausrements in the hippocampus and striatum.   
Prior to learning either task, ECF BDNF levels are significantly higher in the 
hippocampus compared to the striatum in sedentary rats. *=p<0.05.  N=13 for 
hippocampus, N=13 for striatum. 
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Figure 4.5. Change in hippocampus and striatum ECF BDNF during place and 
response learning.  A) The change in hippocampal ECF BDNF levels from baseline 
was significantly different during place vs response training. Neither task elicited 
significant changes from baseline. B) The change in striatal ECF BDNF levels from 
baseline was increased during response training and decreased during place training.  
During the post-training period, ECF BDNF returned to baseline in the place-trained 
rats, whereas ECF BDNF tended to remain elevated in response-trained rats, but this 
increase from baseline was not significant. *=p<0.05 place vs. response training; 
striatum place vs response training p=0.063. N=7 for hippocampus place training, N=6 
for hippocampus response training, N=4 for striatum place training, N=9 for striatum 
response training. 
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Figure 4.6. Place and response learning scores in rats with hippocampal and 
striatal implants.   Rats that were response trained had higher % correct scores 
compared to rats that were place trained in rats that had hippocampus implants and in 
rats that had striatum implants.  Rats that had hippocampal implants had higher % 
correct scores on the place task compared to rats that had striatal implants. *=p<0.05 
place vs. response; ∞=p<0.05 vs. place intrahippocampal. N=7 for intrahippocampal 
place training, N=6 for intrahippocampal response training, N=4 for intrastriatal place 
training, N=9 for intrastriatal response training. 
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Figure 4.7. ECF BDNF in the hippocampus and striatum of sedentary and exercise 
rats. In A) there is no difference in the baseline ECF BDNF levels in the hippocampus 
of exercise and sedentary rats. In B) the ECF BDNF levels in the striatum of exercise 
rats are higher than sedentary rats; however this increase is not statistically significant. 
Striatum exercise vs. sedentary, p=0.075. For hippocampus N=7 for sedentary and 
N=10 for exercise; for striatum N=9 for sedentary and N=7 for exercise. 
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Figure 4.8. ECF BDNF in physically active rats before, during, and following 
response training.  In A) ECF BDNF in the hippocampus increased significantly from 
baseline during place training in physically active, but not sedentary rats.  In B) ECF 
BDNF in the striatum did not significantly change from baseline in physically active rats 
during or following response training.  *=p<0.05. For hippocampus N=7 for sedentary 
and N=10 for exercise; for striatum N=9 for sedentary and N=7 for exercise. 
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Figure 4.9. Raw ECF BDNF in the striatum of sedentary and exercise rats. Raw 
levels of ECF BDNF were increased in the striatum before, during, and following 
response training in physically active compared to sedentary rats, however this effect 
was not statistically significant. Interestingly, although sedentary rats increased ECF 
BDNF levels during and following response training, striatum ECF BDNF levels in 
sedentary rats never did increase to the levels observed in physically active rats. 
Exercise vs. sedentary p=0.091. N=9 for sedentary, N=7 for exercise. 
.    
 116  
 
 
Figure 4.10. Average daily distance run per week in hippocampus and striatum 
implanted rats. In A) hippocampus-implanted and B) striatum-implanted rats all rats 
with access to running wheel ran during the 3-week running period and increased their 
running distance every week, especially in the third week, when undergoing food 
restriction.  
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Figure 4.11. No change in ECF BDNF in the hippocampus or striatum during place 
or response learning in cognitively primed rats. A) Hippocampus ECF BDNF was 
not significantly different from baseline during SA testing or place training. B) Striatum 
ECF BDNF was not significantly different from baseline during SA testing or response 
training. C) Rats trained on the response task learned the task, as their scores were 
above chance (50%). Some rats that were trained on the place task learned the task 
while others had scores below 50%. D) During SA testing, both groups of rats that were 
place and response trained had normal alternation scores that were above chance 
(44%). N=5 for hippocampus, N=5 for striatum. 
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TRANSITIONAL THOUGHTS 
 
Our findings from Chapter 4 showed that, compared to controls, physically active 
rats increase BDNF release in the hippocampus and striatum during task learning. Also, 
exercise rats that were the best place learners had higher extracellular BDNF in the 
hippocampus during place learning compared to the worst place learners. These 
findings support our theory of “Use it and Boost it”—physical activity engages the 
hippocampus and striatum, which increases BDNF release, which supports learning 
enhancements. 
Cognitive priming did not change BDNF release in the hippocampus or striatum 
during place or response training, respectively.  It is possible that there were 
methodological errors in this experiment that led to these findings. However, it is also 
likely that cognitive priming does not have an effect on BDNF release, but instead 
enhances learning by potentiating intracellular BDNF-TrkB signaling cascades. In 
Chapter 5, we measured changes in GSK3β inhibition, which is downstream of BDNF-
TrkB signaling.  We hypothesized that rats that were cognitively primed would have 
higher GSK3β inhibition in the hippocampus and striatum.   Using brains collected from 
Chapter 3, we tested the effects of cognitive activity and BDNF-TrkB signaling on 
GSK3β inhibition in the hippocampus and striatum. 
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CHAPTER 5: 
GSK3β INHIBITION IN THE HIPPOCAMPUS AND STRIATUM FOLLOWING PLACE 
AND RESPONSE TRAINING IS NOT MODULATED BY BDNF-TRKB SIGNALING  
 
ABSTRACT 
BDNF signaling through TrkB receptors in the hippocampus and striatum 
modulates enhancements in place and response learning, respectively, produced by 
prior cognitive activity. However, the downstream targets of BDNF-TrkB signaling that 
may underlie cognitive activity-induced enhancements in learning remain unknown. 
Inhibition of glycogen synthase kinase 3β (GSK3β) may be an intermediary step in the 
regulation of learning, memory, and neural plasticity by BDNF.  BDNF-TrkB signaling 
leads to inhibition of GSK3β by its phosphorylation.  Inhibition of GSK3β has in turn 
been shown to enhance learning and memory in models of Alzheimer’s disease. The 
current study investigates the relationship between BDNF-TrkB signaling, cognitive 
activity, and GSK3β phosphorylation status in healthy young adult male rats.  
Phosphorylation status of GSK3β and total GSK3β in the hippocampus and striatum of 
rats were quantified via Western blots.  Place and response training, but not SA testing, 
increased GSK3β inhibition in both the hippocampus and striatum. We found no 
consistent effect of K252a and cognitive priming on GSK3β inhibition in the 
hippocampus or striatum.  It is possible that place- and response-training increased 
GSK3β inhibition while SA testing did not because of differences in the task attributes. 
For example, SA testing, compared to place and response training, has no food reward, 
may have a lower cognitive demand, and lasts only 20 min instead of 1 hr.  However, 
GSK3β inhibition in the place and response trained rats, but not the SA tested rats may 
have been due the fact that SA-tested rats did not experience cannula surgery or 
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intracranial infusions.  If the inhibition of GSK3β were due to infusions per se, it is 
unlikely that increased inhibition would be observed in both the hippocampus and the 
striatum.  Thus, while place and response training appear to inhibit GSK3β, the results 
do not reveal a role for BDNF-TrkB signaling on GSK3β inhibition in the hippocampus 
and striatum.   
 
INTRODUCTION 
 Priming the brain with cognitive activity using a spatial working memory task such 
as spontaneous alternation (SA) enhances hippocampus-sensitive place and striatum-
sensitive response learning (Chapter 3; Korol et al., 2013).  This priming activity also 
increases brain-derived neurotrophic factor (BDNF) in the hippocampus and striatum.  
Limiting BDNF signaling through TrkB receptors either by sequestering BDNF or by 
blocking receptor activation attenuates learning and memory enhancements following 
exercise (Chapter 2; Vaynmann et al., 2004) and following priming with SA (Korol et al., 
2013; Chapter 3).   For example, intrahippocampal and intrastriatal treatment with the 
TrkB inhibitor, K252a, attenuates SA-induced place and response learning 
enhancements, respectively (Korol et al., 2013; Chapter 3).  While it is becoming well 
established that BDNF-TrkB signaling is involved in the neural plasticity underlying 
learning and memory (Lu, 2003; Tyler et al., 2002; Zeng et al., 2012), the signaling 
cascades downstream of BDNF-TrkB signaling mediating learning enhancements 
induced by prior cognitive activity remain relatively unknown.  
 BDNF-TrkB signaling initiates several different intracellular signaling pathways, all 
of which could support learning (see Korol et al., 2013; Figure 3.9).  BDNF-TrkB 
signaling activates PI3K/Akt, which leads to glycogen synthase kinase 3β (GSK3β) 
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inhibition (Hoppe et al., 2013; Li et al., 2007).  Like BDNF-TrkB signaling, GSK3β 
inhibition is activity-dependent (Peineau et al., 2007; Hooper et al., 2007).   
 The role of GSK3β activity in learning and memory is most often studied in 
transgenic animals and pathological states.  In mouse models of Alzheimer’s disease 
with hyperactive GSK3β and in animals that over-express GSK3β, drugs that inhibit 
GSK3β activity ameliorate learning and memory deficits (del Ser et al., 2013; Engel et 
al., 2006; Liu et al., 2003).  These findings suggest that GSK3β activation may impair 
cognition and the corollary, that GSK3β inhibition enhances cognition.  However, it 
appears that some level of GSK3β activity must be maintained for normal learning and 
memory; in healthy animals, drugs that chronically eliminate GSK3β activity impair 
memory processing (Kimura et al., 2008).  Therefore, a balance of GSK3β activity and 
inhibition seems important for learning and memory in healthy animals.  
 In the current study, the effects of BDNF-TrkB signaling induced by cognitive 
activity on GSK3β phosphorylation were examined in healthy young-adult male rats. 
Total and phosphorylated GSK3β (at serine 9) in the hippocampus and striatum were 
quantified via Western blot.  To examine task x brain area changes in GSK3β, the 
hippocampus and striatum samples were harvested from rats that were untested and 
untrained, tested on an SA task, trained in place or response tasks, or primed with SA 
testing before place or response training (see Chapter 3).  This multiple memory system 
approach has been applied successfully to identify biological bases of learning and 
memory processes across multiple measures (Chapter 4; Colombo et al., 2003; Pych et 
al., 2005; Chang and Gold 2003; Pisani et al., 2012). To test the role of BDNF-TrkB 
signaling in GSK3β inhibition, separate groups of rats that were trained on place or 
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response tasks or primed with SA prior to place or response training, received 
intrahippocampal (for place-trained rats) or intrastriatal (for response-trained rats) 
infusions of the TrkB inhibitor, K252a, or vehicle (aCSF+5%DMSO) 30 min before place 
or response training.    
METHODS 
Experiment summary  
Rats underwent cannula surgery, were allowed a week to recover, and were 
subsequently placed on food restriction for approximately 7 days.  One week following 
the start of food restriction, rats were either tested on a 4-arm maze for spontaneous 
alternation (SA) or left undisturbed in their home cages (untested controls).  Thirty 
minutes after SA testing or in controls, thirty minutes prior to place or response learning, 
rats were infused with K252a or vehicle (artificial cerebrospinal fluid (aCSF) and 5% 
dimethyl sulfoxide (DMSO)).  Thirty min following K252a or vehicle infusions into the 
hippocampus or striatum, rats were trained on a place or response task, respectively.  
Thus, there were two priming conditions (untested controls and SA-tested rats) and two 
drug treatment conditions (vehicle and K252a) generating four experimental groups for 
each of the two learning tasks: 1) unprimed + vehicle  (N=7 for response, N=9 for place 
learning) or 2) unprimed + K252a (N=7 for response, N=7 for place learning), 3) SA-
primed + vehicle (N=8 for response, N=9 for place learning) or 4) SA-primed + K252a 
(N=6 for response, N=8 for place learning). Rats were sacrificed immediately following 
training to analyze GSK3β activation states in the hippocampus and striatum.  
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A subset of rats (N=5) was neither place nor response trained, but was instead 
tested for SA and euthanized 1 hr following SA testing to establish the baseline levels of 
GSK3β activation in primed rats. A second subset of rats was food-restricted for 7 days 
but never tested on any of the behavioral paradigms (no SA testing, place, or response 
training) and was used as an untested but handled control (N=6). Hippocampi and 
striata were rapidly dissected and analyzed for GSK activation states via Western blots.  
Cannula Implantation 
Rats were anesthetized with 2-3.5% isoflurane and received 30,000 units of 
penicillin (i.m.; Dura-Pen; Henry Schein, Inc., Indianapolis, IN, USA) and injections of 
Rimadyl (5 mg/kg, s.c.) for analgesia prior to stereotaxic surgery. Sterile, stainless steel 
guide cannulae (22 gauge, 6 mm; Plastics One, Inc., Roanoke, VA, USA) aimed either 
at the dorsal hippocampus (AP −3.8, ML ±2.5, -1.9 mm ventral to dura) or the dorsal 
striatum (AP +0.2, ±ML 3.6, -2.8 mm ventral to dura), were implanted bilaterally in all 
rats.  Rats with cannula implanted in the hippocampus were place trained; rats that 
were implanted in the striatum were response trained. Coordinates were chosen based 
on reports demonstrating drug and hormone actions in the hippocampus and striatum 
on place and response learning (Zurkovsky et al., 2006, 2007, 2011; Newman et al., 
2011) and were adapted from the atlas of Paxinos and Watson (1986). Four stainless 
steel screws were placed into the skull for anchors and the assemblage was cemented 
in place with dental acrylic. To keep cannulae open, 28 gauge stylets (Plastics One, 
Inc.) cut to the length of the guide cannulae were inserted at the time of surgery and 
were removed only during the central infusions.  
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Drug Infusion 
     Rats received K252a or vehicle infusions 30 min prior to training on place or 
response learning tasks. Bilateral infusions (0.5 µl/side in 1 min) of K252a (25 µM) or 
vehicle (5% DMSO and aCSF in mM: 128 NaCl, 2.5 KCl, 1.3 CaCl2, 2.1 MgCl2, 0.9 
NaH2PO4, 2.0 Na2HPO4, 1.0 dextrose) were made into either the hippocampus or 
striatum.  A CMA microdialysis infusion pump was used to deliver the K252a or vehicle 
through a 29-gauge needle attached to a 10 µl Hamilton syringe. The needle was left in 
place for 1 min to allow diffusion away from the infusion site.  
Spontaneous Alternation Maze Testing 
       SA-primed rats were placed on a 4-arm, plus-shaped maze (Figure 5.1A).  The 
maze was located in the center of the 3.5 m x 3 m testing room on a table 76 cm above 
the floor surrounded by a rich assortment of extra-maze visual cues. During a testing 
session, the rat was placed in a start arm and allowed to explore the maze freely for 20 
min while the number and sequence of arm entries were recorded. An alternation 
occurred when the rat entered all four arms within five consecutive arm entries.  A 
moving window of five-arm-entries was analyzed for possible alternations across all 
arms entered by the rat within a single testing period.  For example, entering arms 
ABDAC in five consecutive arm choices would be considered an alternation. However, 
entering arms ABACB in five consecutive arm choices would not be considered an 
alternation. 
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Place and Response Maze Environment 
Place and response training were conducted in a 4-arm, plus-shaped maze 
configured into a “T” in which each trial started from either the north or south arm. For 
both tasks, the rats were trained to locate a food reward (half of a Frosted Cheerio ©) at  
the end of the goal arm.  
 The full length of each alleyway of the T-maze was approximately 104 cm. Each 
of the four arms of the maze was 13 cm wide, 18 cm high, and 46 cm in length. The 
center of the maze, from which all four arms extended, was 12 cm2. The maze walls 
were constructed of black, 0.64-cm-thick Plexiglas® and the floor of black, matte 
Plexiglas®.  The maze was affixed to a platform (46 cm in diameter) that allowed for the 
rotation of the maze.  Plastic perforated food receptacles with inaccessible food reward 
were attached to the ends of each maze arm to discourage the use of odor cues to find 
the reward.  A lamp with indirect lighting was placed in each corner of the room, 
providing symmetrical ambient light.  A fan was used to mask building noise.  
Place and Response Training Procedure 
 In the place task, rats learned the location of a food reward relative to the 
extramaze cues in the room (Figure 5.1B).  Rats trained on the response task learned 
to locate a food reward using specific body turns (i.e. right or left turns; Figure 5.1C).  In 
the response task, ceiling-to-floor curtains surrounded the maze to minimize extramaze 
cues.  The presence or absence of extramaze cues respectively promotes the use of 
place or response strategies for efficient learning.  However, the two versions of the  
task had the same locomotor and motivational requirements.  For each rat, start arm 
positions were quasi-randomized across twenty trials, so that each start arm (north or 
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south) was used for 10 trials.  For the place task, the goal location (east or west) was 
counterbalanced while for the response task the direction of body turn (right or left) was 
counterbalanced across rats within a treatment condition.   
 Training took place between 3 and 8 hr after the start of a light cycle.  Rats were 
placed in a fresh, clean cage without food or water and moved into the training room for 
15 minutes to allow acclimation to the maze environment prior to training. 
 A trial started when a rat was placed in the start arm and ended after all four 
paws entered a choice arm.  For each trial, the rat was placed in a start arm and given 
the choice of going down one of the two possible reward arms.  When the rat chose the 
rewarded arm, it was allowed to remain there until eating was complete before being 
returned to the holding cage for 30 sec before the next trial began.  If the rat chose the 
incorrect arm, it was allowed to remain in that arm for approximately 5 sec before being 
returned to the holding cage for 30 sec before the next trial. The maximum time allotted 
for rats to choose an arm was 2 min, after which the rat was returned to the cage 
without making an arm choice. These omissions were not considered arm choices and 
did not contribute to the number of recorded correct or incorrect choices. Between trials, 
the maze was rotated 90o to reduce the use of intramaze cues to find the goal arm. All 
rats received 75 training trials. The learning criterion was 9 correct trials out of 10, with 
at least 6 consecutive correct trials.   
 Immediately after training or 1 hr after spontaneous alternation testing, rats were 
overdosed with sodium pentobarbital (75 mg/kg), after which they were decapitated and 
brain tissue was collected for biochemical assessment. Control rats that were not 
primed with SA were euthanized at times similar to those of rats tested on SA.  
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Post Sacrifice Tissue Preparation 
Rats were anesthetized with a lethal injection of sodium pentobarbital (i.p. 75 
mg/kg).  Brains were dissected on ice and within 150 sec frozen on dry ice and stored at 
-80oC. The samples were mechanically homogenized on ice in a lysis buffer (50 mmol/L 
tricine, 0.1% β-mercaptoethanol, 10 mmol/L EDTA, 100 mmol/L NaF, 0.5 mmol/L PMSF 
and 1 L dH2O), phosphatase inhibitors (Cocktail Set I, Calbiochem, La Jolla, CA) and 
dissolved protease inhibitor tablets (Complete Mini tablets, Roche Diagnostic 
Corporation, Indianapolis, IN).  After homogenizing, the samples were transferred to a 
microfuge tube and centrifuged at 4oC for 15 min at 10,000 rpm.  The supernatant was 
collected and stored in -80oC freezer until processed for western blots.  
Protein assay 
 The protein concentrations of the samples were determined using a Micro-BCA 
assay kit (Pierce, Rockford, IL).  Each tissue sample was diluted 1:25 with deionized 
water.  Standards (25 µl) ranging from 0 µg/ml to 2000 µg/ml, diluted samples (25 µl), 
and lysis buffer controls (diluted 1:25, 25 µl) were added in triplicate to a 96-well 
microtiter plate.  A working reagent (100 µl) was added to each well and incubated at 
37oC for 30 min.  After incubation, the plate was cooled to room temperature (25oC).  
Absorbance at 570 nm was then measured in a ThermoMax® microplate reader with 
Ascent software (Fischer Scientific, Pittsburgh, PA).  
Western blot sample preparation 
Samples for western blots were prepared so they contained a final protein 
concentration of 1 µg protein per µl of solution and 5% β-mercaptoethanol. The 
calculated amount of brain supernatant was added to lysis buffer containing fresh 
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protease inhibitor tablets and phosphatase inhibitor 1:1 with 2X protein loading buffer 
(LI-COR Biosciences, Lincoln, NE) and 10% β-mercaptoethanol. Then the sample was 
flash frozen on dry ice, boiled for 10 min, and stored at -80oC until it was loaded onto a 
gel.  
Western blots  
To generate standard curves that allow comparisons across gels, samples from 
pooled hippocampal or striatal homogenates containing 10, 20, and 30 µg total protein 
were loaded onto each gel. Standard curve samples, prepared experimental samples 
(20 µg), and Kaleidoscope precision plus protein standards (3 µl; BioRad Laboratories, 
Hercules, CA) were loaded onto a 10% SDS-polyacrylamide gel and resolved via 
electrophoresis for 75 min at 175 V. Following electrophoresis, proteins were 
transferred to a PVDF membrane (Immobilon-FL, Millipore, Billerica, MA) at 100V, for 2 
hr at 4oC.  Following protein transfer, membranes were blocked for 1 hr using Odyssey 
blocking buffer (LI-COR Biosciences, Lincoln, NE) diluted 1:1 with 0.05 M PBS.  The 
membrane was then incubated at 4oC for 22 hr in anti-GSK3β rabbit monoclonal 
antibody (1:1000; #9315, Cell Signaling, Rockford, IL) or anti-phospho GSK3β (Ser9) 
rabbit monoclonal antibody (1:500; #9323, Cell Signaling, Rockford, IL), and anti-α-
tubulin mouse monoclonal antibody (1:30,000; #T9026, Sigma-Aldrich, St Louis, MO) in 
1:1 LICOR blocking buffer and 0.05 M PBS and 0.1% Tween 20 (Fischer Scientific, Fair 
Lawn, NJ). Following primary antibody incubation, the PVDF membrane was washed 4 
times for 10 min in 0.05 M PBS and 0.1% Tween 20. Then the PVDF membrane was 
incubated for 1 hr at room temperature with IRDye 800 CW goat anti-rabbit (1:5000; LI-
COR Biosciences, Lincoln, NE) and IRDye 680 LT goat anti-mouse (1:20000; LI-COR 
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Biosciences, Lincoln, NE) in 1:1 LICOR blocking buffer and 0.05 M PBS and 0.1% 
Tween 20.  The membrane was then washed 4 times in 0.05 M PBS and 0.1% Tween 
20, rinsed for 2 min in DI H2O and dried overnight.  Dry membranes were scanned on 
the Odyssey Classic Infrared imaging system (LI-COR Biosciences, Lincoln, NE) to 
quantify the protein bands. 
Image analysis 
 Images of the western blots were analyzed using Odyssey software (LI-COR 
Biosciences).  Each band was identified and manually fitted to measure integrated 
intensity of the band (band intensity X band area).  In calculating integrated intensity, 
the Odyssey software automatically corrects for background staining using the average 
background of the pixels surrounding the band of interest. The Odyssey software 
performs background correction by finding the minimum intensity value and subtracting 
the average of that value from all of the pixels in the protein band. Standard curves 
(Figure 5.2A and 5.2B) included on each blot were used to determine linearity of the 
blots and the relative amounts of pGSK3β and GSK3β present in each sample band. 
Values from the 20µg sample from the standard curve on each blot were calculated and 
divided by values for α-tubulin (loading control). For each blot, protein values of our 
experimental samples were first standardized to values for α-tubulin and then were 
calculated as a percentage of the 20 µg standard for presentation.  This approach 
allowed us to account for differences in loading within a blot (α-tubulin standardization) 
and for between-blot differences in immunoblotting properties (20 µg-sample 
standardization).   
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 Each sample was run in triplicate on different blots and standardized to its α-
tubulin control.  The median value from each set of triplicates was used to generate the 
percentage of the 20 µg standard that was used for group calculations.  The means of 
these median values were calculated to generate the percent of 20 µg standard values 
for each treatment group. The ratio of pGSK3β to GSK3β was determined to generate a 
measure of GSK3β inhibition. There are two isoforms of GSK3β (Mukai et al., 2002). 
Although both isoforms of phosphorylated GSK3β appeared on our blots, only type 1 
GSK3β was analyzed due to its consistent presence in our samples with consistently 
linear standard curves.     
Statistical Analysis 
 To test for differences in pGSK3β:GSK3β in the hippocampus and striatum 
across SA-tested and untested controls, training groups, and drug treatments one-way 
analyses of variance (ANOVAs) were performed. Also, two-way ANOVAs were 
conducted to test for the main effects of priming (SA-tested or untested controls), main 
effects of drug (K252a or vehicle), and their interaction on pGSK3β:GSK3β in the 
hippocampus and striatum of place- and response-trained rats.  
RESULTS 
 pGSK3β:GSK3β levels were increased in the hippocampus and striatum 
following place and response training compared to SA tested and untested, untrained 
controls. There was no effect of SA testing on pGSK3β:GSK3β levels in the 
hippocampus or striatum compared to untested untrained control rats.  
 pGSK3β:GSK3β levels in the hippocampus were significantly increased in place-
trained rats compared to rats that were untested or had only SA testing (F(5,38)=2.6, 
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p<0.05; Figure 5.3A). There were no significant or consistent changes in total GSK3β in 
either the hippocampus or striatum after training on either task.  Therefore, the 
increases relative to the controls are in the phosphorylation state of GSK3β, with that 
phosphorylation thought to indicate inhibition. There was no effect of drug (F(1,29)=0.24, 
p>0.2) or priming (F(1,29)=0.415, p>0.2) on pGSK3β:GSK3β levels in the hippocampus of 
place trained rats. Also, there was no interaction (F(1,29)=0.72, p>0.2) of cognitive 
priming and drug treatment on pGSK3β:GSK3β levels in the hippocampus of place 
trained rats. In the striatum of place-trained rats there was an increase in 
pGSK3β:GSK3β levels compared to SA tested and untested control rats, but this effect 
was not statistically significant (F(5,38)=1.8, p>0.1; Figure 5.3B). There was no effect of 
drug (F(1,29)=0.192, p>0.2) or priming (F(1,29)=0.428, p>0.2) on pGSK3β:GSK3β levels in 
the striatum of place trained rats.  Also, there was no interaction (F(1,29)=0.164, p>0.2) of 
cognitive priming and drug treatment on pGSK3β:GSK3β levels in the striatum of place 
trained rats. However, post hoc t-tests revealed that rats that were unprimed and 
K252a-treated (t11=3.4, p<0.1) and rats that were primed and vehicle-treated (t13=2.6, 
p<0.05) prior to place learning had statistically higher levels of pGSK3β:GSK3β levels in 
the striatum compared to untested untrained controls. 
 In the hippocampus of response-trained rats, there was no significant effect of 
training or drug treatment on pGSK3β:GSK3β levels compared to SA-tested and 
untested control rats (F(5,32)=1.5, p>0.2; Figure 5.4A). There was no effect of drug 
(F(1,22)=0.84, p>0.2), no effect of priming (F(1,22)=0.029, p>0.2), and no interaction of 
priming and drug (F(1,22)=0.045, p>0.2) on pGSK3β:GSK3β levels in the hippocampus. 
Post hoc t-tests revealed that pGSK3β:GSK3β levels in the hippocampus of response-
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trained rats that were unprimed and vehicle-treated (t11=1.7, p<0.1), unprimed and 
K252a-treated (t11=1.8, p<0.1), primed and vehicle-treated (t11=2.13, p<0.1), and primed 
and K252a-treated (t10=2.28, p<0.05) were increased compared to untested untrained 
controls. pGSK3β:GSK3β in the striatum was significantly increased in response-trained 
rats (F(5,33)=2.9, p<0.05; Figure 5.4B) compared to rats that were untested controls. 
Two-way ANOVAs revealed that there was no effect of drug (F(1,24)=0.13, p>0.2) or 
priming (F(1,24)=3.78, p<0.1) on pGSK3β:GSK3β levels.  Also, there was no interaction 
(F(1,24)=1.79, p>0.2) of cognitive priming and drug treatment on pGSK3β:GSK3β levels 
in the striatum of place trained rats.  
 Since the pGSK3β:GSK3β levels are made up of the measurements of pGSK3β 
and total GSK3β, these data are included in Figures 5.5 and 5.6.  For place-trained rats 
pGSK3β and total GSK3β levels of the hippocampus are found in Figures 5.5A and 5.5 
B and the striatum are found in Figure 5.5C and 5.5D. For response-trained rats 
pGSK3β and total GSK3β levels of the hippocampus are found in Figures 5.6A and 5.6 
B and the striatum are found in Figure 5.6C and 5.6D.    
DISCUSSION   
Training in the place and response tasks increased GSK3β inhibition (i.e. the 
pGSK3β:GSK3β ratio) in the hippocampus and striatum compared to control conditions, 
including rats with no behavioral tests or SA only.  Furthermore, we were surprised to 
find that treatment with K252a failed to modulate relative levels of phosphorylation of 
GSK3β in any consistent manner, given our behavioral results showing an important 
role for BDNF-TrkB signaling following cognitive priming (Chapter 3).  Thus, we were 
unable to demonstrate a direct link between BDNF-TrkB signaling and GSK3β inhibition 
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in the hippocampus and striatum. Also, we were surprised to see a lack of dissociation 
between the pGSK3β:GSK3β levels in the hippocampus and striatum following place 
and response learning. Instead, we found that GSK3β inhibition in the hippocampus and 
striatum is not sensitive to engagement in canonical strategies, but was more generally 
sensitive to the learning experience itself. 
GSK3β inhibition was also similar between untested/untrained control rats and 
rats tested on SA only with no further training.  While these results suggest that SA 
testing alone does not have an effect on GSK3β inhibition, our findings from Chapter 3 
show that SA testing alone is a robust enough cognitive activity to increase protein 
levels of mBDNF in the hippocampus and striatum.  Furthermore, we found that priming 
with SA may increase BDNF-TrkB signaling that in turn produces enhancements in 
place and response learning. Given that we did not see any effect of blockade of BDNF-
TrkB signaling with K252a treatment on GSK3β inhibition, it is possible that the SA-
induced increases in BDNF content are not robust enough to modulate GSK3β inhibition 
in the hippocampus and striatum.  It is possible that the priming effect of SA testing on 
BDNF-TrkB signaling during place and response tasks is potentiated during the training 
period. Thus, if we put SA tested rats on the maze 1 hr after testing for just one trial to 
potentiate BDNF-TrkB signaling, we maybe would have seen an effect of SA testing on 
GSK3β inhibition. However, given our findings that blockade of BDNF-TrkB signaling 
had no effect on GSK3β inhibition it seems unlikely that potentiating BDNF-TrkB 
signaling in SA-tested rats would modulate GSK3β inhibition in the hippocampus and 
striatum. 
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The fact that GSK3β inhibition was increased with place and response learning 
but not SA testing points to differences in task attributes between SA testing and place 
and response learning.  For instance, SA testing has no food reward, lasts only 20 min, 
and may require less cognitive resources. Given that the rats engaged in the place and 
response tasks receive a food reward that is likely to be arousing on average once 
every minute, for 60 min, and do require significant resources from the hippocampus 
and striatum (Newman et al., in prep; Gold et al., 2013), it is likely that the place and 
response tasks would induce higher levels of GSK3β inhibition in the hippocampus and 
striatum. However, it is also possible that limitations in our experimental design led to 
increases in GSK3β inhibition in the hippocampus and striatum of place- and response-
trained rats and not SA-tested rats.  Perhaps, the increases in GSK3β inhibition in 
place- and response-trained rats were from cannula surgery and/or intracerebral 
infusions of K252a or vehicle, which SA-tested rats did not receive. Thus, we cannot 
definitively say that the GSK3β inhibition observed in place- and response-trained rats is 
due to the training experience in itself.  However, it seems unlikely that the cannula 
surgery/ drug infusions caused the increase in GSK3β inhibition given that the 
noncannulated brain regions also showed increases in GSK3β inhibition following place 
and response training. Future studies are underway to test possible effects of cannula 
surgery and intracerebral infusions on GSK3β inhibition.  
  In place-trained rats, primed K252a-treated rats had slightly decreased GSK3β 
inhibition in the hippocampus compared to the primed vehicle-treated groups, but this 
effect was not statistically significant. However, further examination of the pGSK3β and 
total GSK3β levels suggests that the shift in the pGSK3β:GSK3β levels are due to, if 
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anything, a decrease in total GSK3β in primed vehicle-treated rats. It is possible that the 
BDNF-TrkB signaling induced by SA testing and place training triggered GSK3β 
degradation. Previous studies have demonstrated that GSK3β phosphorylation—
initiated by Akt signaling— leads to its degradation (Failor et al., 2007). Given that 
BDNF-TrkB signaling activates PI3K/Akt signaling (Almeida et al., 2005; Yamada et al., 
1997; Yamada et al., 2001) leading to GSK3β phosphorylation at serine 9 it is possible 
that with significant amounts of cognitive activity, BDNF-TrkB signaling can lead to 
sufficient phosphorylation of GSK3β to induce GSK3β degradation. For the striatum, we 
saw no effect of priming on total GSK3β levels in response-trained rats. In addition, we 
saw no effect of response training on total GSK3β levels in the striatum.  Thus, it is 
possible that GSK3β degradation in the striatum is not sensitive to cognitive activity. 
  In response-trained rats, K252a treatment increased GSK3β inhibition in primed, 
but not in unprimed rats, however this difference was not significant. Regardless, this 
finding was surprising as we found in Chapter 3, that K252a-treated unprimed rats 
learned the response task faster than vehicle-treated controls and K252a-treated 
primed rats. These data suggest that response learning enhancements observed in 
unprimed rats administered intrastriatal K252a are not mediated by GSK3β inhibition in 
the striatum. Previous studies have demonstrated that K252a treatment, in conditions 
that lack BDNF signaling, activates PI3K/Akt signaling cascades, which are upstream of 
GSK3β inhibition (Roux et al., 2002). Thus, we had hypothesized that the response 
learning enhancements in K252a-treated unprimed rats were possibly due to increased 
striatal GSK3β inhibition.  However, given the current data showing no increased 
inhibition, K252a treatment must act through other signaling cascades to enhance 
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learning in unprimed rats. Also, further analysis of the pGSK3β and total GSK3β graphs 
show that unprimed K252a-treated rats had lower levels of pGSK3β and higher levels of 
total GSK3β compared to primed K252a-treated rats. Thus, the difference in GSK3β 
inhibition between primed and unprimed K252a-treated rats is likely due to a difference 
in pGSK3β and total GSK3β protein content.  
 GSK3β inhibition in the hippocampus and striatum did not dissociate by task. 
Instead, in the place and response tasks, both the hippocampus and striatum had 
increased GSK3β inhibition compared to controls.  Previously others have reported an 
increase in immediate early gene activation compared to controls but a lack of 
dissociation between place and response learners (Gill et al., 2007). Furthermore, the 
hippocampus and striatum both increase neural activity during both place and response 
training, responding to both movement and spatial information (Yeshenko et al., 2004). 
Because GSK3β inhibition is activity dependent, it is possible that it does not 
discriminate between relative activity of the hippocampus and striatum, but instead 
responds to activity in general. However, given that we did not see increases in GSK3β 
inhibition in the hippocampus and striatum following SA testing, GSK3β inhibition may 
require a certain threshold of activity and/or a more prolonged period of activity. It has 
been shown that prolonged exercise, a highly stimulating experience, requiring high 
neural activity (Hirase et al., 1999) also increased GSK3β inhibition in the hippocampus 
(Bayod et al., 2011; 2014). Our findings demonstrate that GSK3β inhibition in the 
hippocampus and striatum is sensitive to highly stimulating experiences that require 
high cognitive resources, such as place and response learning.    
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Past studies have shown that the use of the multiple memory systems approach, 
examining both the hippocampus and striatum during and/or following place and 
response training, is informative in determining the role of neurochemical and cell 
signaling changes that support learning in the hippocampus and striatum. For example, 
cyclic AMP response element binding protein phosphorylation (pCREB) and c-Fos 
induction in the hippocampus and striatum reflected place or response strategy 
selection in the ambiguous T-maze (Colombo et al., 2003). In Colombo et al., 2003, rats 
that used response (striatum-sensitive) strategies had increased pCREB in the striatum 
and decreased pCREB and c-FOS in the hippocampus, while rats that used place 
(hippocampus-sensitive) strategies had increased pCREB and c-Fos in the 
hippocampus and decreased pCREB in the striatum. Of note, the levels of pCREB in 
the hippocampus and striatum immediately following training were not different. Instead, 
a 1 hr wait was required to show the dissociation of pCREB in the hippocampus and 
striatum of rats engaging in place or response strategies. It is possible that if we had 
waited 1 hr following training we would have seen the lasting dissociable changes in 
GSK3β inhibition in the hippocampus and striatum following place and response 
training. Like transcription factor activation, we expected to see brain region- and task-
specific GSK3β inhibition in the hippocampus and striatum following place and response 
learning.  However, we were unable to identify GSK3β inhibition in the hippocampus 
and striatum as a reliable biochemical marker of learning canonical tasks.  Instead, we 
found that place and response training increased GSK3β inhibition in both the 
hippocampus and striatum. In Chapters 2 and 3 we found that priming with exercise or 
SA testing increased BDNF protein in the hippocampus and striatum, in addition to 
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enhancing both place and response learning. The findings in the current study agree 
with the findings from Chapters 2 and 3 pointing to the collaboration, not the 
competition, of multiple memory systems. 
 BDNF-TrkB signaling did not modulate GSK3β inhibition in the hippocampus or 
striatum. It is possible that other modulators of GSK3β inhibition, such as Wnt signaling 
(Valvezan and Klein, 2012; Budnik and Salinas, 2011) are involved in increasing 
GSK3β inhibition in the hippocampus and striatum of primed K252a-treated rats.  
Furthermore, there are two isoforms of GSK3β.  The two isoforms appear to have 
different kinase activity and maintain different distribution in neural cells (Mukai et al., 
2002). For example, type 1 GSK3β is mainly found in neuronal processes while type 2 
is found in the soma, with lower kinase activity towards its substrate tau (Mukai et al., 
2002).  Thus, it is possible that GSK3β type 2 regulates different substrates than does 
type 1.  In many of our blots we did see a doublet for phosphorylated GSK3β.  However, 
we did not analyze the type 2 isoform because its protein bands were much less intense 
and the standard curve in the lower range (10 µg) was not always visible. It is possible 
that we may have seen differences in type 2 GSK3β inhibition due to place or response 
training, priming, or K252a treatment.  Currently there are no reports dissociating the 
effects of type 1 vs type 2 GSK3β activity on learning. Thus, it would be interesting to 
examine if type 2 GSK3β in the hippocampus and striatum is inhibited following place 
and response training and/or SA testing. 
 Taken together, the current findings show that hippocampus- and striatum-
sensitive tasks that are enhanced by BDNF-TrkB signaling also increase GSK3β 
inhibition. However, because blockade of BDNF-TrkB signaling with K252a treatment 
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did not have any effect on GSK3β inhibition, it is unlikely that the place and response 
training-induced increases in GSK3β inhibition are due to BDNF-TrkB signaling. Further 
supporting this claim, there was no increase in GSK3β inhibition following SA testing, 
which has been shown in Chapter 3 to increase BDNF in the hippocampus and 
striatum.  Thus, GSK3β inhibition may not be necessary/important for the effects of 
priming in the hippocampus and striatum.  However, given the findings that BDNF-TrkB 
signaling is important for priming, it is time to move on to other downstream signaling 
pathways.  Some prominent ones (ERK, PLCγ, PI3K/Akt) have also themselves been 
related to learning, though not with priming and not in a multiple memory system 
manner. The literature showing that GSK3β inhibition plays a role in pathological 
models of learning and memory suggests that GSK3β inhibition is important for learning 
in many contexts, but not in the priming effects induced by SA testing.  
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FIGURES 	  
 
 
Figure 5.1. Spontaneous alternation and place and response tasks. In A) the 4-arm 
spontaneous alternation task, rats are given 20 min to explore all 4 arms of the maze 
and are tested on their working memory capacity by counting how many times the rat 
enters all 4 arms within 5 arm entries. In B) the place task, the rat learns the location of 
its food reward using the extramaze cues in the room. The place task requires intact  
hippocampal functioning for successful learning. The response training task C) requires  
the rat to learn the location of its food reward using egocentric body movements (i.e. left  
or right turns). The response task requires intact striatal functioning for successful 
learning.  
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Figure 5.2. Representative western blots and standard curves of hippocampal 
homogenate.  A) Representative Western blots of pGSK3β, total GSK3β, and loading 
control α-tubulin. The first 3 lanes are pooled hippocampi homogenate generating a 
standard curve.  The last 4 lanes are place-trained rats. Pooled hippocampal 
homogenates were added in known protein concentrations and were calculated using 
Odyssey software to generate a B) standard curve. 
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Figure 5.3. Place training increased pGSK3β:GSK3β levels in the hippocampus 
and striatum.  One-way ANOVAs revealed that compared to naïve and SA-tested rats, 
rats that were place trained had increased levels of pGSK3β:GSK3β in the A) 
hippocampus and B) striatum. Prior cognitive priming with SA testing and 
intrahippocampal K252a infusions did not have any effect on pGSK3β levels in place-
trained rats. *=p<0.05 vs. SA tested and untested controls. N=6 for untrained untested 
controls, N=5 for SA tested controls, N=7 for unprimed vehicle, N=7 for unprimed 
K252a, N=8 for primed vehicle, N=7 for primed K252a.  
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Figure 5.4. Response training increased pGSK3β:GSK3β levels in the 
hippocampus and striatum.  One-way ANOVAs revealed that Compared to naïve and 
SA-tested rats, rats that were response trained had increased levels of pGSK3β:GSK3β 
in the A) hippocampus and B) striatum. Primed rats that were infused with K252a had 
higher levels of pGSK3β:GSK3β in the striatum than unprimed rats infused with K252a, 
but this effect was not statistically significant . *=p<0.05 vs. SA tested and untested 
controls. p=0.061 for striatum unprimed K252a vs. primed K252a. N=6 for untrained 
untested controls, N=5 for SA tested controls, N=8 for unprimed vehicle, N=7 for 
unprimed K252a, N=8 for primed vehicle, N=6 for primed K252a. 
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Figure 5.5. pGSK3β and total GSK3β levels in the hippocampus and striatum of 
place trained rats.  In A and B) the hippocampus of place trained rats A) pGSK3β 
levels were increased and B) total GSK3β levels were not different compared to SA-
tested or untested controls.   In C and D) the striatum of place trained rats C) pGSK3β 
levels were increased and D) total GSK3β levels were not different compared to SA-
tested or untested controls.  
 145  
 
Figure 5.6. pGSK3β and total GSK3β levels in the hippocampus and striatum of 
response trained rats.  In A and B) the hippocampus of response trained rats A) 
pGSK3β levels were increased and B) total GSK3β levels were not different compared 
to SA-tested or untested controls.   In C and D) the striatum of response trained rats C) 
pGSK3β levels were increased and D) total GSK3β levels were not different compared 
to SA-tested or untested controls.  
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CHAPTER 6: 
USE IT AND BOOST IT: WRAPPING IT UP 
 
Through the preceding series of studies, we have attempted to uncover the 
mechanisms by which cognitive and physical activity boost learning.  In Chapters 2 and 
3, rats that were physically active for 3 weeks or engaged in a spatial working memory 
task for 20 min learned both the place and response tasks more quickly than controls. 
To investigate the mechanisms underlying the activity-induced learning enhancements 
we examined the hippocampus and striatum because they are the neural systems 
involved in place and response learning, respectively. BDNF signaling in the 
hippocampus and striatum was a targeted mechanism because earlier studies have 
shown that BDNF gene expression and secretion are activity-dependent processes 
(Kesslak et al., 1998; Zafra et al., 1990; Hartmann et al., 2001; Balkowiec and Katz, 
2002). Apart from being an activity-dependent protein, BDNF is also important for 
learning and memory processes (for review see Tyler et al., 2002; Cunha et al., 2010). 
Chapters 2 and 3 further confirmed that BDNF protein levels in the hippocampus and 
striatum increase following cognitive and physical activity. However, in Chapter 3 
increases in BDNF protein did not necessarily equate to enhanced learning. At 24 hr 
following SA testing, BDNF levels in the striatum were robustly increased compared to 
controls even though there was no significant difference in response learning at this 
time point. Nonetheless, an increase in BDNF protein is likely a downstream effect of 
BDNF-TrkB signaling.  Given that BDNF-TrkB signaling is activity-dependent and 
promotes learning and memory processes it is likely that cognitively and physically 
active animals rely on BDNF-TrkB signaling to support enhancements in learning. Our 
data showed that treatment with K252a, an inhibitor of TrkB, attenuated learning 
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enhancements induced by cognitive and physical activity. In control rats, K252a 
treatment enhanced response learning. Admittedly, K252a is not the most specific 
method for inhibiting TrkB signaling, and likely its non-specific effects lead to response 
learning enhancements in control rats. However, current methods that do specifically 
block TrkB signaling require longer treatment regimens (on the order of days), thus 
compromising our experimental design; that is, with longer treatment we are unable to 
block TrkB signaling after the priming and just prior to tests of subsequent learning. 
Other more specific pharmacological TrkB inhibitors available, such as AZ623, have yet 
to be tested for their efficacy over short exposure periods (Zage et al., 2011). For future 
studies testing the rapid effects of BDNF-TrkB signaling it would be worth using different 
specific, selective, and non-competitive TrkB inhibitors. Our attempts to further 
investigate K252a in the hippocampus and striatum of control rats were carried out in 
Chapter 5. Following the finding that BDNF-TrkB signaling contributes to activity-
induced learning enhancements, the research direction focused on two possible 
candidate mechanisms for cognitive and physical activity-induced increases in BDNF-
TrkB signaling: 1) increased BDNF release, leading to increased BDNF-TrkB signaling 
(tested in Chapter 4) and/or 2) potentiated intracellular BDNF-TrkB-initiated signaling 
cascades (tested in Chapter 5).  Microdialysis measured extracellular levels of BDNF in 
the hippocampus and striatum before, during, and following learning. In sedentary 
control rats, dynamic release of BDNF was task- and brain region-specific. Rats 
engaged in the place task increased BDNF release in the hippocampus and decreased 
BDNF release in the striatum, while rats engaged in the response task showed the 
opposite effect of increased BDNF release in the striatum and decreased release in the 
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hippocampus. Compared to sedentary controls, physically active rats increased BDNF 
release in the hippocampus during place learning and increased BDNF release in the 
striatum, before, during, and following response learning.  
The findings from Chapter 4 align with our hypothesis that physically active rats 
have an increased reliance on BDNF-TrkB signaling due to increased BDNF release. 
 There was no effect of cognitive priming on BDNF release; however, it is possible that 
there were methodological problems with this particular experiment, or it is possible that 
increased BDNF release is not the mechanism underlying cognitive activity-induced 
learning enhancements. In Chapter 5, to test our second hypothesis, GSK3β inhibition, 
which is downstream of BDNF-TrkB signaling, was measured in the hippocampus and 
striatum of rats sacrificed in Chapter 3. GSK3β inhibition in the hippocampus and 
striatum was increased following place and response training, but not following SA 
testing. Furthermore, blockade of BDNF-TrkB signaling had no effect on GSK3β 
inhibition. Given that SA testing increases BDNF and that the place and response 
learning enhancements induced by SA testing were mediated by BDNF-TrkB signaling, 
it is likely that cognitive priming enhances learning via other signaling cascades 
downstream of BDNF-TrkB.  Importantly, cognitive activity in the form of place and 
response training did increase GSK3β inhibition in the hippocampus and striatum 
compared to untested naïve controls. Unfortunately, our naïve controls in Chapter 3/5 
lacked cannula surgery and intracerebral infusions, thus it is possible that the GSK3β 
inhibition observed in the place and response trained rats is due to surgery/infusions.  
However, this is unlikely given that the brain areas that lacked cannula implants and 
infusions in place and response trained rats also had increased GSK3β inhibition. 
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Nonetheless, it is clear from the data in Chapter 5 that BDNF-TrkB signaling does not 
play a role in modulating GSK3β inhibition. Thus, the inhibition of GSK3β in place and 
response trained rats is being modulated via alternative signaling pathways.  Although 
we were unable to test the effects of physical activity on GSK3β inhibition in the 
hippocampus and striatum, others have found that treadmill exercise increases GSK3β 
inhibition in the hippocampus compared to sedentary controls (Bayod et al., 2011; 
2014). Reviewed in Figure 6.1, the findings of this dissertation point to increases in 
BDNF release and signaling in supporting the learning enhancements induced by 
cognitive and physical activities.   
Cognitive and physical activity-induced neuroprotective adaptations in multiple 
memory systems: a mechanism for cognitive reserve? 
Cognitive reserve, by definition, is maintained cognitive functioning in spite of 
neurodegenerative confrontation.  Cognitive deficits associated with aging and 
neurodegenerative states (such as Alzheimer’s disease (AD), Parkinson’s disease (PD) 
and stroke reperfusion injury) often are a result of decreased BDNF signaling and 
GSK3β hyperactivity (Tapia-Arancibia et al., 2008; Hooper et al., 2008; Lei et al., 2011; 
Collino et al., 2009; Ding et al., 2004b; Howells et al., 2000; Phillips et al., 1991; Croll et 
al.,1998; Ferrer et al., 1999).  Furthermore, AD-, PD-, and ischemia-related 
neurdegeneration are ameliorated by increases in BDNF-TrkB signaling (Longo et al., 
2007; Yoshimoto et al., 1995; Schabitz et al., 2004) and pharmacological inhibition of 
GSK3β (Martinez et al., 2002; Morales-Garcia et al., 2013; Chuang et al., 2011; Hooper 
et al., 2008; Gimenez et al., 2012).   
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Both exercise and cognitive activity increase cognitive reserve and prevent or 
delay the onsets of cognitive deficits caused by aging and neurodegenerative disease 
(Wilson et al., 2007; Studenski et al., 2006; Chen et al., 2005; Ding et al., 2004a; 
2004b).  The findings in the current research show that cognitive and/or physical 
activities increase BDNF-TrkB signaling, BDNF release, and GSK3β inhibition in the 
hippocampus and striatum (Chapters 2, 3, 4, and 5).  Both the hippocampal and striatal 
memory systems have been implicated in neurodegenerative diseases such as AD, PD, 
and ischemic damage (Flock et al., 1998; Pulsinelli and Brierley, 1979). Thus, given the 
findings of the current research, engaging in cognitive and physical activities are 
practical, healthy, nonpharmacological interventions to boost cognitive reserve (see 
Figure 6.1) and to delay the molecular mechanisms underlying age-related cognitive 
decline and neurodegeneration.   
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FIGURES 
 
 
 
Figure 6.1. Mechanisms underlying “Use it and Boost it” promote cognitive 
reserve. Cognitive and/or physical activities enhance learning via BDNF-TrkB signaling, 
and possibly BDNF release in the hippocampus and striatum.  Although BDNF-TrkB 
signaling induced by cognitive activity has no effect on GSK3β inhibition in the 
hippocampus and striatum, cognitive activity in the form of place and response learning 
leads to increases in GSK3β inhibition.  In addition, long term exercise also increases 
GSK3β inhibition in the hippocampus. Others have shown that BDNF-TrkB signaling 
increases BDNF release. Given that individuals experiencing aging and 
neurodegenerative diseases have impairments in learning and memory, decreased 
BDNF-TrkB signaling, and increased GSK3β activity, engaging in regular cognitive and 
physical activity can possibly increase cognitive reserve so as to decrease cognitive 
decline. 
 
 152  
 
REFERENCES 
 
Adlard PA, Perreau VM, Engesser-Cesar C, Cotman CW (2004) The timecourse of 
induction of brain-derived neurotrophic factor mRNA and protein in the rat hippocampus 
following voluntary exercise. Neurosci Lett. 363: 43-48. 
 
Aicardi G, Argilli E, Cappello S, Santi S, Riccio M, Thoenen H, Canossa M (2004) 
Induction of long-term potentiation and depression is reflected by corresponding 
changes in secretion of endogenous brain-derived neurotrophic factor. Proc Natl Acad 
Sci U S A 101:15788–15792 
 
Almeida RD, Manadas BJ, Melo CV, Gomes JR, Mendes CS, Graos MM,  
Carvalho RF, Carvalho AP, Duarte CB (2005) Neuroprotection by BDNF against 
glutamate-induced apoptotic cell death is mediated by ERK and PI3-kinase pathways. 
Cell Death Differ 12: 1329-1343. 
 
Alonso M, Bekinschtein P, Cammarota M, Vianna MR, Izguierdo I, Medina JH (2005) 
Endogenous BDNF is required for long-term memory formation in the rat parietal cortex. 
Learn Mem 12: 504-510. 
 
Alonso M, Vianna MR, Depino AM, Mello e Souza T, Pereira P, Szapiro G, Viola H, 
Pitossi F, Izquierdo I, Medina JH (2002) BDNF–Triggered Events in the Rat 
Hippocampus Are Required for Both Short- and Long-Term Memory Formation. 
Hippocampus 12: 551-560. 
Alonso M, Vianna MR, Izguierdo I, Medina JH (2002) Signaling mechanisms mediating 
BDNF modulation of memory formation in vivo in the hippocampus. Cell Mol Neurobiol 
22:663-674. 
Altun M, Bergman E, Ulfhake B (2001) Retrograde labeling of primary sensory neurons 
with fluorescent latex microspheres: a useful tool for long term tagging of neurons. J 
Neurosci Methods 108: 19–24.  
Andero R, Heldt SA, Ye K, Liu X, Armario A, Ressler KJ (2011) Effect of 7,8  
Dihydroxyflavone, a Small-Molecule TrkB Agonist, on Emotional Learning. Am J  
Psychiatry 168: 163-172. 
 
Anderson BJ, Li X, Alacantra AA, Isaacs KR, Black JE, Greenough WT (1994)  
Glial hypertrophy is associated with synaptogenesis following motor-skill learning, but 
not with angiogenesis following exercise. Glia 11: 73-80. 
 
Anderson BJ, Rapp DN, Baek DH, McCloskey DP, Coburn-Litvak PS, Robinson,  
JK (2000) Exercise influences spatial learning in the radial arm maze. Physiol  
Behav. 70: 425-429. 
 153  
 
Anguera JA, Boccanfuso J, Rintoul JL, Al-Hashimi O, Faraji F, Janowich J, Kong E, 
Laraburro Y, Rolle C, Johnston E, Gazzaley A (2013) Video game training enhances 
cognitive control in older adults. Nature 501: 97-101. 
Bäckman L, Nyberg L, Soveri A, Johansson J, Andersson M, Dahlin E, Neely AS, Virta 
J, Laine M, Rinne JO (2011) Effects of working-memory training on striatal dopamine 
release. Science, 333: 718.  
Balkowiec A, Katz DM (2000) Activity-dependent release of endogenous brain-derived 
neurotrophic factor from primary sensory neurons detected by ELISA in situ. J Neurosci. 
20: 7417-7423. 
 
Balkowiec A, Katz DM (2002) Cellular Mechanisms Regulating Activity-Dependent 
Release of Native Brain-Derived Neurotrophic Factor from Hippocampal Neurons. J 
Neurosci. 22: 10399-407. 
 
Ball K, Berch DB, Helmers KF, Jobe JB, Leveck MD, Marsiske M, Morris JN, Rebok 
GW, Smith DM, Tennstedt SL, Unverzagt FW, Willis SL, ACTIVE Study Group. (2002) 
Effects of Cognitive Training Interventions With Older Adults: A Randomized Controlled 
Trial. JAMA. 288: 2271-2281. 
Baranes D, Lederfein D, Huang YY, Chen M, Bailey CH, Kandel ER (1998) Tissue 
plasminogen activator contributes to the late phase of LTP and to synaptic growth in the 
hippocampal mossy fiber pathway. Neuron 21: 813-825. 
Barnes P, Thomas KL (2008) Proteolysis of proBDNF Is a Key Regulator in the 
Formation of Memory. PLoS One. 3:e3248. 
Basak C, Boot WR, Voss MW, Kramer AF (2008) Can training in a real-time strategy 
video game attenuate cognitive decline in older adults? Psychol Aging 23: 765–777.  
Bayod S, DelValle J, Canudas AM, Lalanza JF, Sanchez-Roige S, Camins A, 
Escorihela RM, Pallas M (2011) Long-term treadmill exercise induce neuroprotective 
molecular changes in rat brain. J Appl Physiol 111:1380-1390. 
Bayod S, Menella I, Sanchez-Roige S, Lalanza JF, Escorihuela RM, Camins A, Pallas 
M, Canudas AM (2014) Wnt pathway regulation by long-term moderate exercise in rat 
hippocampus. Brain Res 1543: 38-48. 
Bekinschtein P, Cammarota M,m Katche C, Slipczuk L, Rossato JI, Goldin A, Izquierdo 
I, Medina JH (2008) BDNF is essential to promote persistence  of long-term memory 
storage. Proc Natl Acad Sci U S A. 105: 2711-2716. 
Bekinschtein P, Oomen CA, Saksida LM, Bussey TJ (2011) Effects of environmental 
enrichment and voluntary exercise on neurogenesis, learning and memory, and pattern 
separation: BDNF as a critical variable? Semin Cell Dev Biol 22: 536-542. 
 154  
 
Bennett EL, Diamond MC, Krech D, Rosenzweig MR (1964) Chemical and anatomical 
plasticity of brain.  Science 146: 610-619. 
Berchtold NC, Chinn G, Chou M, Kesslak JP, Cotman CW (2005) Exercise primes a 
molecular memory for brain-derived neurotrophic factor protein induction in the rat 
hippocampus.  Neurosci. 133: 853-61. 
 
Biffo S, Offenhauser N, Carter BD, Barde YA (1995) Selective binding and 
internalisation by truncated receptors restrict the availability of BDNF during 
development. Development 121:2461-2470. 
Bimonte-Nelson HA, Hunter CL, Nelson ME, Granholm A-CE (2003) Frontal cortex 
BDNF levels correlate with working memory in an animal model of Down syndrome. 
Behav Brain Res 139: 47–57. 
Black JE, Sirevaag AM, Greenough WT (1987) Complex experience promotes  
capillary formation in young rat visual cortex. Neurosci Lett. 83: 351-355. 
 
Black JE, Isaacs KR, Anderson BJ, Alcantara AA, Greenough WT (1990)  
Learning causes synaptogenesis, whereas motor activity causes angiogenesis, in 
cerebellar cortex of adult rats. Proc Natl Acad Sci U S A. 87: 5568-5572. 
Bramham CR, Messaoudi E (2005) BDNF function in adult synaptic plasticity: The 
synaptic consolidation hypothesis.  Prog Neurobiol. 76: 99-125 
Budnik V, Salinas PC (2011) Wnt Signaling during synaptic development and plasticity. 
Curr Opin Neurobiol. 21: 151-159. 
 
Burkhalter J, Fiumelli H, Allaman I, Chatton JY, Martin JL (2003) Brain-derived 
neurotrophic factor stimulates energy metabolism in developing cortical neurons. J 
Neurosci 23: 8212-8220. 
 
Canal CS, Stutz SJ, Gold PE (2005) Glucose injections into the dorsal hippocampus or 
dorsolateral striatum of rats prior o T-maze training: modulation of learning rates and 
strategy selection. Learn Mem. 12: 367-374. 
 
Canossa M, Griesbeck O, Berninger B, Campana G, Kolbeck R, Thoenen H (1997) 
Neurotrophin release by neurotrophins: Implications for activity-dependent neuronal 
plasticity. Proc Natl Acad Sci U S A 94:13279-13286. 
 
Cao L, Jiao X, Zuzga DS, Liu Y, Fong DM, Young D, During MJ (2004) VEGF  
links hippocampal activity with neurogenesis, learning and memory. Nat Genet. 36: 827-
835. 
 
 
 
 155  
 
Cassilhas RC, Lee KS, Fernandes J, Oliveira MG, Tufik S, Meeusen R, de Mello MT 
(2012) Spatial memory is improved by aerobic and resistance exercise through 
divergent molecular mechanisms. Neuroscience 202: 309:317. 
 
Castren E, Zafra F, Thoenen H, Lindholm D. 1992. Light regulates expression of brain-
derived neurotrophic factor mRNA in rat visual cortex. Proc Natl Acad Sci USA 89: 
9444-9448. 
 
Castillo DV, Figueroa-Guzman Y, Escobar ML (2006) Brain-derived neurotrophic factor 
enhances conditioned taste aversion retention. Brain Res. 1067: 250-255. 
 
Chang Q, Gold PE (2003) Intrahippocampal lidocaine injections impair acquisition of a 
place task and facilitate acquisition of a response task in rats. Behav Brain Res. 144:19-
24. 
 
Chang, Q., Gold, P.E. (2003) Switching memory systems during learning:  
changes in patterns of brain acetylcholine release in the hippocampus and striatum in 
rats. J Neurosci. 23: 3001- 3005. 
 
Chang Q, Gold PE (2004) Inactivation of dorsolateral striatum impairs acquisition of a 
response learning in cue-deficient, but not cue- available conditions. Behav Neurosci. 
118: 383-388. 
 
Chen H, Zhang SM, Schwarzschild MA, Hernan MA, Ascherio A (2005) Physcial activity 
and the risk of Parkinson disease. Neurology 64: 664-669. 
 
Chen LY, Rex CS, Pham DT, Lynch G, Gall CM (2010) BDNF Signaling during learning 
is regionally differentiated within hippocampus. J Neurosci, 30: 15097-101. 
Chen Z-Y, Jing D, Bath KG, Ieraci A, Khan T, Siao C-J, Herrera DG, et al. (2006) 
Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related behavior. 
Science, 314:140–3.  
Chen ZY, Patel PD, Sant G, Meng CX, Teng KK, Hempstead BL, Lee FS (2004) Variant 
Brain-Derived Neurotrophic Factor (BDNF) (Met66) Alters the Intracellular Trafficking 
and Activity-Dependent Secretion of Wild-Type BDNF in Neurosecretory Cells and 
Cortical Neurons. J Neurosci. 24: 4401-4411. 
 
Chien JM, Morrison AB (2010) Expanding the mind’s workspace: Training and  
transfer effects with a complex working memory span task. Psychon Bill Rev. 17: 193-
199. 
 
 156  
 
Chin PC, Majdzadeh N, D’Mello SR (2005) Inhibition of GSK3β is a common event in 
neuroprotection by different survival factors. Brain Res Mol Brain Res. 137:193-201. 
 
Chuang DM, Wang Z, Chiu CT (2011) GSK-3 as a Target for Lithium-Induced 
Neuroprotection Against Excititoxicity in Neuronal Cultures and Animal Models of 
Ischemic Stroke. Front Mol Neurosci. 4: 15. 
 
Churchill J, Galvez R, Colcombe S, Swain R, Kramer A, Greenough W (2002). 
Exercise, experience and the aging brain. Neurobiol Aging 23: 941-955. 
Conner JM, Lauterborn JC, Yan Q, Gall CM, Varon S (1997) Distribution of brain-
derived neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: 
evidence for anterograde axonal transport. J Neurosci 17: 2295-2313. 
Colcombe S, Kramer AF (2003) FITNESS EFFECTS ON THE COGNITIVE FUNCTION 
OF OLDER ADULTS  : A Meta-Analytic Study. Psychol Sci 14:125–130.  
Collino M, Aragno M, Castiglia S, Tomasinelli C, Thiermermann C, Boccuzzi G, 
Fantozzi R (2009) Insulin Reduces Cerebral Ischemia/Reperfusion Injury in the 
Hippocampus of Diabetic Rats A Role for Glycogen Synthase Kinase-3β. Diabetes 58: 
235-242. 
 
Colocombe S, Kramer AF (2003) Fitness Effects on the Cognitive Function of Older 
Adults. Psychol Sci. 14: 125-130. 
 
Colombo PJ, Brightwell JJ, Countryman RA (2003) Cognitive strategy-specific increases 
in phosphorylated cAMP response element binding protein and c-Fos in the 
hippocampus and striatum. J Neurosci 23: 3547-3554. 
 
Cotman C, Berchtold N (2002) Exercise a behavioral intervention to enhance brain 
health and plasticity. Trends Neurosci. 25: 295-301. 
Cotman CW, Berchtold NC, Christie L-A (2007) Exercise builds brain health: key roles 
of growth factor cascades and inflammation. Trends Neurosci 30: 464–472.  
Croll SD, Ip NY, Lindsay RM, Wiegan SJ (1998) Expression of BDNF and trkB as a 
function of age and cognitive performance. Brain Res 812: 200–208.  
Cunha C, Angelucci A, D’Antoni A, Dobrossy MD, Dunnett SB, Berardi N, Brambilla R 
(2009) Brain-derived neurotrophic factor (BDNF) overexpression in the forebrain results 
in learning and memory impairments. Neurobiol Dis 33: 358–368.  
Cunha C, Brambilla R, Thomas KL (2010) A Simple Role for BDNF in Learning and 
Memory? Front Mol Neurosci. 3:1. 
 157  
 
Dahlin E, Neely A S, Larsson A, Bäckman L,  Nyberg L (2008) Transfer of learning after 
updating training mediated by the striatum. Science 320: 1510–2.  
D’Amore DE, Tracy BA, Parikh V (2013) Exogenous BDNF facilitates strategy  
set-shifting by modulating glutamate dynamics in the dorsal striatum.  
Neuropharmacology 75C: 312-333. 
 
del Ser T, Steinwachs KC, Gertz HJ, Andres MV, Gomez-Carillo B, Medina M, Vericat 
JA, Redondo P, Fleet D, Leon T (2013) Treatment of Alzheimer’s disease with the GSK-
3 inhibito tideglusib: a pilot study. J Alzheimers Dis. 33: 205-215. 
 
Diamond MC, Krech D, Rosenzweig MR (1964) The effects of an enriched environment 
on the histology of the rat cerebral cortex. J Comp Neurol 123: 111-119 
 
Diamond MC, Lindner B, Raymond A (1967) Extensive cortical depth measures and 
neuron size increases in the cortex of environmentally enriched rats. J Comp Neurol. 
131: 357-364. 
 
Diamond MC, Rosenzweig MR, Bennett EL, Lindner B, Lyon L (1972) Effects of 
environmental enrichment and impoverishment on rat cerebral cortex. J Neurobiol 3: 47-
64. 
 
Ding Y, Li J, Lai Q, Rafols JA, Luan X, Clark J, Diaz FG (2004) Motor balance and 
coordination training enhances functional outcome in rat with transient middle cerebral 
artery occlusion. Neuroscience 123: 667-674. 
 
Ding Y, Li J, Luan X, Ding YH, Lai Q, Rafols JA, Phillis JW, Clark JC, Diaz FG (2004) 
Exercise pre-conditioning reduces brain damage in ischemic rats that may be 
associated with regional angiogenesis and cellular overexpression of neurotrophin. 
Neuroscience 124: 583-591. 
 
Ding YH, Li J, Zhou Y, Rafols JA, Clark JC, Ding Y (2006) Cerebral angiogenesis and 
expression of angiogenic factors in aging rats after exercise. Curr Neurovasc Res 3: 15-
23. 
 
Ding Q, Ying Z, Gomez-Pinilla F (2011) Exercise influences hippocampal plasticity by 
modulating brain-derived neurotrophic factor processing. Neuroscience 192: 773-780. 
 
Du JL, Poo MM (2004) Rapid BDNF-induced retrograde synaptic modification in  
a developing retinotectal system. Nature 429:878-883. 
 
Eadie BD, Redila VA, Christie BR (2005). Voluntary exercise alters the  
cytoarchitecture of the adult dentate gyrus by increasing cellular proliferation, dendritic 
complexity, and spine density. J Comp Neurol. 486: 39-47. 
 
 158  
 
Edelmann E, Lessman V, Brigadski T (2014) Pre- and postsynaptic twists in BDNF 
secretion and action in synaptic plasticity. Neuropharmacology. 76: 610-627. 
 
Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A,  
Zaitsev E, Gold B, Goldman D, Dean M, Lu B, Weinberger DR (2003) The BDNF  
val66met polymorphism affects activity-dependent secretion of BDNF and human  
memory and hippocampal function. Cell 112: 257-269. 
 
Engel T, Hernandez F, Avila J, Lucas JJ (2006) Full reversal of Alzheimers disease-like 
phenotype in a mouse model with conditional overexpression of glycogen synthase 
kinase-3. J Neurosci 26: 5083-90. 
 
Ericsson KA, Chase WG (1982) Exceptional memory. Am Sci. 70: 607-615. 
 
Erickson KI, Banducci SE, Weinstein AM, MacDonald III AW, Ferrell RE, Halder I, Flory 
JD, Manuck SB (2013) Brain-derived neurotrophic factor Val66Met polymorphism 
moderates an effect of physical activity on working memory performance. Psychol Sci 
24:1770-1779. 
 
Evans SF, Irmady K, Ostrow K, Kim T, Nykjaer A, Saftig P, Blobel C, Hempstead BL 
(2011) Neuronal brain-derived neurotrophic factor is synthesized in excess, with levels 
regulated by sortilin-mediated trafficking and lysosomal degradation. J Biol Chem 286: 
29556-29567. 
 
Failor KL, Desyatnikov Y, Finger LA, Firestone GL (2007) Glucocorticoid-induced 
degradation of glycogen synthase kinase-3 protein is triggered by serum- and 
glucocorticoid-induced protein kinase and Akt signaling and controls beta-catenin 
dynamis and tight junction formation in mammary epithelial tumor cells. Mol Endocrinol. 
21: 2403-2415. 
 
Fenner BM (2012) Truncated TrkB: Beyond a dominant negative receptor.  
Cytokine Growth Factor Rev. 23: 15-24.  
 
Ferrer I, Marin C, Rey MJ, Ribalta T, Goutan E, Blanco R, Tolosa E, Marti E (1999) 
BDNF and Full-length and Truncated TrkB Expression in Alzheimer Disease. 
Implications in Therapeutic Strategies. J Neuropathol Exp Neurol. 58: 729-739. 
 
Fordyce DE, Farrar RP (1991) Enhancement of spatial learning in F344 rats by physical 
activity and related learning-associated alterations in hippocampal and cortical 
cholinergic functioning.  Behav Brain Res. 46:123-133. 
 
Gill KM, Bernstein IL, Mizumori SJY (2007) Immediate early gene activation in 
hippocampus and dorsal striatum: Eﬀects of explicit place and response training. 
Neurobiol Learn Mem. 87: 583-596. 
 
 159  
 
Gimenez-Cassina A, Lim F, Diaz-Nido J (2012) Chronic inhibition of glycogen synthase 
kinase-3 protects against rotenone-induced cell death in human neuron-like cells by 
increasing BDNF secretion. Neurosci Lett 531: 182-187. 
 
Globus A, Rosenzweig MR, Bennett EL, Diamond MC (1973) Effects of differential 
experience on dendritic spine counts in rat cerebral cortex. J Comp Physiol Psychol 82: 
175-181. 
 
Gold PE (2004) Coordination of multiple memory systems. Neurobiol Learn Mem. 82: 
230-42. 
 
Gold PE, Newman LA, Scavuzzo CJ, Korol DL (2013) Modulation of multiple memory 
systems: From neurotransmitters to metabolic substrates. Hippocampus 23:1053-1065. 
 
Gold PE, Scavuzzo CS, Korol DL, Newman LA (2011) Hippocampal  
extracellular lactate increases during learning: a role for astrocytes in learning and 
memory.  41st Annual meeting for the Society for Neuroscience, Society for 
Neuroscience Abstracts 37, 823.14. 
 
Gomez-Pinilla F, Dao L, Vannarith S (1997) Physical exercise induces FGF-2  
and its mRNA in the hippocampus. Brain Res. 764: 1–8  
 
Gomez-Pinilla F, Huie JR, Ying Z, Ferguson AR, Crown ED, Baumbauer KM, Edgerton 
VR, Grau JW (2007) BDNF and learning: Evidence that instrumental training promotes 
learning within the spinal cord by upregulation BDNF expression. Neurosci. 148: 893-
906. 
Gomez-Pinilla F, Vaynman S, Ying Z (2008) Brain-derived neurotrophic factor functions 
as a metabotrophin to mediate the effects of exercise on cognition. Eur J Neurosci 28: 
2278–2287.  
Goodman LJ, Valverde J, Lim F, Geschwind MD, Federoff HJ, Geller AI, Hefti F (1996) 
Regulated release and polarized localization of brain-derived neurotrophic factor in 
hippocampal neurons. Mol. Cell. Neurosci. 7: 223–228. 
 
Gottschalk WA, Jiang H, Tartaglia N, Feng L, Figurov A, Lu B (1999) Signaling 
mechanisms mediating BDNF modulation of synaptic plasticity in the hippocampus. 
Learn Mem. 6: 243-256. 
Gottschalk W, Pozzo-Miller LD, Figurov A, Lu B (1998) Presynaptic modulation of 
synaptic transmission and plasticity by brain-derived neurotrophic factor in the 
developing hippocampus. J Neurosci 18: 6830–6839.  
Greenough WT, Fulcher JK, Yuwiler A, Geller E (1970) Enriched rearing and  
chronic electroshock: effects on brain and behavior in mice. Physiol Behav. 5: 371-373. 
 
 160  
 
Greenough WT, Wood WF, Madden TC (1972) Possible memory storage differences 
among mice reared in environments varying in complexity. Behav Biol. 7: 717-722. 
Gualandris A, Jones TE, Strickland S, Tsirka SE (1996) Membrane depolarization 
induces calcium-dependent secretion of tissue-plasminogen activator. J Neurosci. 16: 
2220-2225. 
Hall CB, Lipton RB, Sliwinski M, Katz MJ, Derby CA, Verghese J (2009) Cognitive 
activities delay onset of memory decline in persons who develop dementia. Neurology 
73: 356–361.  
Hall J, Thomas KL, Everitt BJ (2000) Rapid and selective induction of BDNF expression 
in the hippocampus during contextual learning. Nat Neurosci. 3: 533-535. 
 
Hall JM, Vetreno RP, Savage LM (2014) Differential cortical neurotrophin and cytogenic 
adaptation after voluntary exercise in normal and amnestic rats. Neuroscience 258: 131-
146. 
 
Haraguchi S, Sasahara K, Shikimi H, Honda S, Harada N, Tsutsui K (2012) Estradiol 
promotes purkinje dendritic growth, spinogenesis, and  
synaptogenesis during neonatal life by inducing the expression of BDNF.  
Cerebellum 11: 416-417. 
 
Hariri AR, Goldberg TE, Mattay VS, Kolachana BS, Callicott JH, Egan MF, Weinberger 
DR (2003) Brain-derived neurotrophic factor val66met polymorphism affects human 
memory-related hippocampal activity and predicts memory performance. J Neurosci 23: 
6690-6694. 
 
Harlow HF (1949). The formation of learning sets. Psychol Rev. 56: 51-65. 
 
Hartmann M, Heumann R, Lessmann V (2001) Synaptic secretion of BDNF after high-
frequency stimulation of glutamatergic synapses. EMBO J. 20: 5887-5897. 
Hashimoto Y, Nakayama T, Teramoto T, Kato H, Watanabe T, Kinoshita M, Tsukamoto 
K, et al. (1991) Potent and preferential inhibition of Ca2+/calmodulin-dependent protein 
kinase II by K252a and its derivative, KT5926. Biochem Biophys Res Commun 181: 
423–429. 
Hattori S, Naoi M, Nishino H (1994) Striatal dopamine turnover during treadmill running 
in the rat: relation to the speed of running. Brain Res Bull 35: 41–49.  
He J, Gong H, Luo Q (2005) BDNF acutely modulates synaptic transmission and 
calcium signaling in developing cortical neurons. Cell Physiol Biochem. 16:69-76. 
Hennigan A, O’Callaghan RM, Kelly AM (2007) Neurotrophins and their receptors: roles 
in plasticity, neurodegeneration and neuroprotection. Biochem Soc Trans 35: 424–427.  
 161  
 
Hernandez F, Borrell J, Guaza C, Avila J, Lucas JJ (2002) Spatial learning deficit  
in transgenic mice that conditionally over-express GSK-3beta in the brain but do not 
form tau filaments. J Neurochem. 83: 1529-1533. 
 
Hirase H, Czurko A, Csicsvari J, Buzsaki G (1999) Firing rate and theta-phase coding 
by hippocampal pyramidal neurons during 'space clamping'. Eur J Neurosci 11: 4373-
4380. 
 
Holmes J, Gathercole SE,  Dunning DL (2009) Adaptive training leads to sustained 
enhancement of poor working memory in children. Dev Sci 12: F9–F15.  
 
Hooper C, Killick R, Lovestone S (2008) The GSK3 hypothesis of Alzheimer’s  
disease. J Neurochem. 104: 1433-1439. 
 
Hooper C, Markevich V, Plattner F, Killick R, Schofield E, Engel T, Hernandez F,  
Anderton B, Rosenblum K, Bliss T, Cooke SF, Avila J, Lucas JJ, Giese KP, Stephenson 
J, Lovestone S (2007) Glycogen synthase kinase-3 inhibition is integral to long-term 
potentiation. Eur J Neurosci. 25: 81-86. 
 
Hopkins ME, Bucci DJ (2011) BDNF expression in perirhinal cortex is associated with 
exercise-induced improvement in object recognition memory. Neurobiol Learn Mem 94: 
278-284. 
 
Hoplight BJ, Sherman GF, Hyde LA, Denenberg VH (2001) Effects of neocortical  
ectopias and environmental enrichment on Hebb-Williams maze learning in BXSB mice. 
Neurobiol Learn Mem. 76: 33-45. 
Hoppe JB, Coradini K, Frozza RL, Oliveira CM, Meneghetti AB, Bernardi A, Pires ES, 
Beck RC, Salbego CG (2013) Free and nanoencapsulated curcumin suppress beta-
amyloid-induced cognitive impairements in rats: involvement of BDNF and 
Akt/GSK3beta signaling pathway. Neurobiol Learn Mem. 106:134-144. 
Howells DW, Porritt MJ, Wong JY, Batchelor PE, Kalnins R, Hughes AJ, Donnan GA 
(2000) Reduced BDNF mRNA expression in the Parkinson's disease substantia nigra. 
Exp Neurol. 166: 127-135. 
Huie JR, Garraway SM, Baumbauer KM, Hoy KC, Beas BS, Montgomery KS, Bizon JL, 
et al. (2011) Brain-derived neurotrophic factor promotes adaptive plasticity within the 
spinal cord and mediates the beneficial effects of controllable stimulation. Neuroscience 
200:74–90.  
Ickes BR, Pham TM, Sanders LA, Albeck DS, Mohammed AH, Granholm AC  
(2000) Long-term environmental enrichment leads to regional increases in neurotrophin 
levels in rat brain. Exp Neurol. 164: 45-52. 
 162  
 
Ingram DK (2000) Age-related decline in physical activity: generalization to nonhumans. 
Med Sci Sports Exerc 32:1623–1629.  
Isaacs KR, Anderson BJ, Alcantara AA, Black JE, Greenough WT (1992)   
Exercise and the brain: angiogenesis in the adult rat cerebellum after vigorous physical 
activity and motor skill learning. J Cereb Blood Flow Metab. 12: 110–119.  
Jaboin J, Kim CJ, Kaplan DR, Thiele CJ (2002) Brain-derived neurotrophic factor 
activation of TrkB protects neuroblastoma cells from chemotherapy-induced apoptosis 
via phosphatidylinositol 3’-kinase pathway. Cancer Res 62:6756–63.  
Jacotte-Simancas A, Costa-Miserachs D, Torras-Garcia M, Coll-Andreu M, Portell-
Cortes I (2013) Effect of voluntary physical exercise and post-training epinephrine on 
acquisition of a spatial task in the barnes maze. Behav Brain Res 247:178-181. 
Jang S-W, Liu X, Yepes M, Shepherd KR, Miller GW, Liu Y, Wilson WD, et al. (2010) A 
selective TrkB agonist with potent neurotrophic activities by 7,8-dihydroxyflavone. Proc 
Natl Acad Sci USA 107:2687–2692.  
Jaeggi SM, Buschkuehl M, Jonides J, Perrig WJ (2008) Improving fluid intelligence with 
training on working memory. Proc Natl Acad Sci USA 105: 6829-6833. 
Ji Y, Lu Y, Yang F, Shen W, Tang TT, Feng L, Duan S, Lu B (2010) Acute and gradual 
increases in BDNF concentrations elicit distinct signaling and function in neurons. Nat 
Neurosci. 13: 302-309. 
Jia Y, Gall CM, Lynch G (2010) Presynaptic BDNF promotes postsynaptic long-term 
potentiation in the dorsal striatum. J Neurosci. 30: 14440-14445. 
Jiang X, Xu K, Hoberman J, Tian F, Marko AJ, Waheed JF., Harris CR et al. (2005) 
BDNF variation and mood disorders: a novel functional promoter polymorphism and 
Val66Met are associated with anxiety but have opposing effects. 
Neuropsychopharmacology, 30:1353–1361.  
Johnson RA, Rhodes JS, Jeffrey SL, Garland T Jr, Mitchell GS (2003) Hippocampal 
brain-derived neurotrophic factor but not neurotrophin-3 increases more in mice 
selected for increased voluntary wheel running. Neuroscience 121:1-7. 
 
Johnson-Farley NN, Patel K, Kim D, Cowen DS (2007) Interaction of FGF-2 with IGF-1 
and BDNF in stimulating Akt, ERK, and neuronal survival in hippocampal cultures. Brain 
Res. 1154: 40-49. 
 
Jope RS, Johnson GV (2004) The glamour and gloom of glycogen synthase  
kinase-3. Trends Biochem Sci. 29: 95-102. 
 
 163  
 
Jovanovic JN, Czernik AJ, Fienberg AA, Greengard P, Sihra TS (2000) Synapsins as 
mediators of BDNF-enhanced neurotransmitter release. Nat Neurosci 3: 323-329. 
 
Kang H, Schuman EM (1995) Long-lasting neurotrophin-induced enhancement of  
synaptic transmission in the adult hippocampus. Science 17:1658-1662. 
 
Kase H, Iwahashi K, Matsuda Y (1986) K-252a, a potent inhibitor of protein kinase C 
from microbial origin. 39: 1059-1065. 
 
Kempermann G, Kuhn HG, Gage FH (1998) Experience-induced neurogenesis in  
the senescent dentate gyrus. J. Neurosci. 18: 3206– 3212  
 
Kermani P, Hempstead B (2007) BDNF: A Newly Described Mediator of  
Angiogenesis. Trends Cardiovasc Med. 17: 140-143. 
 
Kesslak JP, So V, Choi J, Cotman CW, Gomez-Pinilla F (1998) Learning upregulates 
brain-derived neurotrophic factor messenger ribonucleic acid: A mechanism to facilitate 
encoding and circuit maintenance? Behav Neurosci. 112: 1012-1019. 
 
Kim DH, Kim JM, Park SJ, Cai M, Liu X, Lee S, Shin CY, Ryu JH (2012). GABAa 
Receptor Blockade Enhances Memory Consolidation by Increasing Hippocampal BDNF 
Levels. Neuropsychopharmacology 37: 422-433. 
Kimura T, Yamashita S, Nakao S, Park JM, Murayama M, Mizoroki T, Yoshiike Y, 
Sahara N, Takashima A (2008) GSK3beta is required for memory reconsolidation in 
adult brain . PLoS ONE 3: e3540. 
Kleim JA, Vij K, Ballard DH, Greenough WT (1997) Learning-dependent synaptic 
modifications in the cerebellar cortex of the adult rat persist for at least four weeks. J 
Neurosci 17: 717-721. 
Klein R, Conway D, Parada LF, Barbacid M (1990) The trkB tyrosine protein kinase 
gene codes for a second neurogenic receptor that lacks the catalytic kinase domain. 
Cell 16: 647-656. 
 
Kleinknect KR, Bedenk BT, Kaltwasser SF, Grunecker B, Yen YC, Czisch M, Wotjak CT 
(2012) Hippocampus-dependent place learning enables spatial flexibility in C57BL6/N 
mice. Front Behav Neurosci. 6:87. 
Klingberg T, Fernell E, Olesen PJ, Johnson M, Gustafsson P, Dahlström K, Gillberg CG, 
Forssberg H, Westerberg H (2005) Computerized training of working memory in 
children with ADHD--a randomized, controlled trial. J Amer Acad Child Adolesc 
Psychiatry 44: 177–86.  
Klingberg T, Forssberg H, Westerberg H. (2002) Training of Working Memory in  
Children With ADHD. J Clin Exp Neuropsychol 24: 781-791. 
 164  
 
 
Klintsova AY, Dickson E, Yoshida R, Greenough WT (2004) Altered expression of 
BDNF and its high-affinity receptor TrkB in response to complex motor learning and 
moderate exercise. Brain Res. 1: 92-104.  
 
Knipper M, da Penha Berzaghi M, Blochl A, Breer H, Thoenen H, Lindholm D (1994) 
Positive feedback between acetylcholine and the neurotrophins nerve growth factor and 
brain derived neurotrophic factor in the rat hippocampus. Eur J Neurosci. 6:668-671. 
 
Korol DL, Gold PE, Scavuzzo CJ (2013) Use it and boost it with physical and mental 
activity. Hippocampus 23: 1125-1135. 
 
Korol DL, Kolo LL (2002) Estrogen-induced changes in place and response learning in 
young adult female rats. Behav Neurosci 116:411-420. 
 
Korte M, Carroll P, Wolf E, Brem G, Thoenen H, Bonhoeffer T (1995)  
Hippocampal long-term potentiation is impaired in mice lacking brain-derived 
neurotrophic factor. Proc Natl Acad Sci. 92: 8856-8860. 
 
Korte M, Kang H, Bonhoeffer T, Schuman E (1998) A role for BDNF in the late  
phase of hippocampal long-term potentiation. Neuropharmacology 37: 553-559. 
Kramer AF, Erickson KI, Colcombe SJ (2006) Exercise, cognition, and the aging brain. J 
Appl Physiol 101:1237–1242.  
Krech D, Rosenzweig MR, Bennett EL (1960) Effects of environmental complexity and 
training on brain chemistry. J Comp Physiol Psychol 53: 509-519. 
 
Krech D, Rosenzweig MR, Bennett EL (1962) Relations between brain chemistry and 
problem solving in rats raised in  enriched  and  impoverished  environments. J Comp 
Physiol Psychol. 55: 801-807. 
 
Kuczewski N, Porcher C, Ferrand N, Fiorentino H, Pellegrino C, Kolarow R, Lessmann 
V, Medina I, Gaiarsa JL (2008) Backpropagating action potentials trigger dendritic 
release of BDNF during spontaneous network activity. J Neurosci. 28: 7013–7023 
Lambert TJ, Fernandez SM, Frick KM (2005) Different types of environmental 
enrichment have discrepant effects on spatial memory and synaptophysin levels in 
female mice. Neurobiol Learn Mem. 83: 206-216. 
Landers MS, Knott GW, Lipp HP, Poletaeva I, Welker E (2011) Synapse formation in 
adult barrel cortex following naturalistic environmental enrichment. Neurosci. 199: 143-
152. 
Lee J, Duan W, Mattson MP (2002) Evidence that brain-derived neurotrophic factor is 
required for basal neurogenesis and mediates, in part, the enhancement of 
 165  
 
neurogenesis by dietary restriction in the hippocampus of adult mice. J Neurochem 
82:1367–1375.  
Lee J, Fukumoto H, Orne J, Klucken J, Raju S, Vanderburg CR, Irizarry MC, Hyman BT, 
Ingelsson M (2005) Decreased levels of BDNF protein in Alzheimer temporal cortex are 
independent of BDNF polymorphisms. Exp Neurol. 194: 91-96. 
 
Leggio MG, Mandolesi L, Federico F, Spirito F, Ricci B, Gelfo F, Petrosini L  
(2005) Environmental enrichment promotes improved spatial abilities and enhanced 
dendritic growth in the rat. Behav Brain Res. 163: 78-90. 
 
Lei P, Ayton S, Bush AI, Adlard PA (2011) GSK-3 in Neurodegenerative Diseases. J 
Alzheimers Dis. 2011: 189246. 
 
Lessman V, Brigadski T (2009) Mechanisms, locations, and kinetics of synaptic BDNF 
secretion: an update. Neurosci Res. 65: 11-22. 
 
Lessman V, Gottman K, Heuman R (1994) BDNF and NT-4/5 enhance  
glutamatergic synaptic transmission in cultured hippocampal neurones. Neuroreport 6: 
21-25. 
 
Lessmann V, Heumann R (1998) Modulation of unitary glutamatergic synapses by NT-
4/5 or BDNF in hippocampal microcultures: presynaptic enhancement depends on pre-
established paired-pulse facilitation. Neuroscience 86: 399–413 
 
Li Z, Tan F, Thiele CJ (2007) Inactivation of glycogen synthase kinase-3beta contributes 
to brain-derived neurotrophic factor/TrkB-induced resistance to chemotherapy in 
neuroblastoma cells. Mol Cancer Ther. 6: 3113-3121. 
 
Light KR, Kolata S, Wass C, Denman-Brice A, Zagalsky R, Matzel LD (2010)  
Working memory training promotes general cognitive abilities in genetically 
heterogeneous mice. Curr Biol. 20: 777-782. 
 
Lim YY, Villemagne VL, Laws SM, Ames D, Pietrzak RH, Ellis KA, Harrington K, 
Bourgeat P, Bush AI, Martins RN, Masters CL, Rowe CC, Maruff P (2014) Effect of 
BDNF Val66Met on memory decline and hippocampal atrophy in prodromal Alzheimer’s 
disease: A preliminary study. PLoS One 9: e86498. 
 
Linnarsson S, Bjorklund A, Ernfors P (1997) Learning deficit in BDNF mutant mice. Eur 
J Neurosci. 9: 2581-2587. 
Liu SJ, Zhang AH, Li HL, Wang Q, Deng HM, Netzer WJ, Xu H, Wang JZ. 
Overactivation of glycogen synthase kinase-3 by inhibition of phosphoinositol-3 kinase 
and protein kinase C leads to hyperphosphorylation of tau and impairment of spatial 
memory. J Neurochem. 87: 1333-1344. 
 166  
 
Liu YF, Chen H, Wu C-L, Kuo Y-M, Yu L, Huang A-M, Wu F-S, et al. (2009) Differential 
effects of treadmill running and wheel running on spatial or aversive learning and 
memory: roles of amygdalar brain-derived neurotrophic factor and synaptotagmin I. J 
Physiol 587:3221–3231. 
Liu YF, Chen HI, Yu L, kuo YM, Wu FS, Chuang JI, Liao PC, Jen CJ (2008) 
Upregulation of hippocampal TrkB and synaptotagmin is involved in treadmill exercise-
enhanced aversive memory in mice. Neurobiol Learn Mem 90:81-89. 
Lojovich JM (2010) The relationship between aerobic exercise and cognition: is 
movement medicinal? J Head Trauma Rehabil 25:184–192.  
Lonetti G, Angelucci A, Morando L, Boggio EM, Giustetto M, Pizzorusso T (2010) Early 
environmental enrichment moderates the behavioral and synaptic phenotype of MeCP2 
null mice. Biol Psychiatry 67: 657-665. 
 
Longo FM, Yang T, Knowles JK, Xie Y, Moore LA, Massa SM (2007) Small Molecule 
Neurotrophin Receptor Ligands: Novel Strategies for Targeting Alzheimer's Disease 
Mechanisms. Curr Alzheimer Res. 4: 503-506. 
 
Lu B (2003) BDNF and activity-dependent synaptic modulation. Learn Mem. 10: 86-96. 
 
Lu B, Pang PT, Woo NH (2005). The yin and yang of neurotrophin action. Nat Rev 
Neurosci. 6: 603-614. 
 
Lucas JJ, Hernandez F, Gomez-Ramos P, Moran MA, Hen R, Avila J (2001) Decreased 
nuclear β-catenin, tau hyperphosphorylation and neurodegeneration in GSK-3β 
conditional transgenic mice. EMBO J. 20: 27-39. 
 
Ma L, Wang DD, Zhang TY, Yu H, Wang Y, Huang SH, Lee FS, Chen ZY (2011)  
Region-Specific Involvement of BDNF Secretion and Synthesis in Conditioned Taste 
Aversion Memory Formation.  J Neurosci. 31: 2079-90. 
Ma YL, Wang HL, Wu HC, Wei CL, Lee HL (1998) Brain-derived neurotrophic factor 
antisense oligonucleotide impairs memory retention and inhibits long-term potentiation 
in rats. Neuroscience 82:957-967. 
Maisonpierre PC, Belluscio L, Squinto S, Ip NY, Furth ME, Lindsay RM,  Yancopoulos 
GD (1990) Neurotrophin-3: a neurotrophic factor related to NGF and BDNF. Science 
247: 1446–1451.  
Marais L, Stein DJ, Daniels WM (2009) Exercise increases BDNF levels in the striatum 
and decreases depressive-like behavior in chronically stressed rats. Metab Brain Dis. 
24: 587-597. 
 
 167  
 
Marriott LK, Korol DL (2003) Short-term estrogen treatment in ovariectomized rats 
augments hippocampal acetylcholine release during place learning. Neurobiol Learn 
Mem. 80:315-322. 
 
Martinez A, Castro A, Dorronsoro I, Alonso M (2002) Glycogen synthase kinase 3 
(GSK-3) inhibitors as new promising drugs for diabetes, neurodegeneration, cancer, 
and inflammation. Med Res Rev. 22: 373-84. 
 
Martinowich K, Manji H, Lu B (2007) New insights into BDNF function in depression and 
anxiety. Nat Neurosci. 10: 1089-1093. 
 
Mattson MP (2002) Brain evolution and lifespan regulation: conservation of signal  
transduction pathways that regulate energy metabolism. Mech Ageing Dev 123:947-53. 
 
Matzel LD, Light KR, Wass C, Colas-Zelin D, Denman-Brice A, Waddel AC,  
Kolata S (2011) Longitudinal attentional engagement rescues mice from age-related 
cognitive declines and cognitive inflexibility. Learn Mem. 18: 345-356. 
McAllister AK, Katz LC, Lo DC (1999) Neurotrophins and synaptic plasticity. Annu Rev 
Neurosci 22: 295–318.  
McDonald RJ, White NM (1993) A triple dissociation of memory systems: hippocampus, 
amygdala, and dorsal striatum. Behav Neurosci. 107: 3-22. 
McNab F, Varrone A, Farde L, Jucaite A, Bystritsky P, Forssberg H, Klingberg T (2009) 
Changes in cortical dopamine D1 receptor binding associated with cognitive training. 
Science 323: 800–2.  
McNay EC, Fries TM, Gold PE (2000) Decreases in rat extracellular hippocampal 
glucose concentration associated with cognitive demand during a spatial task. Proc Natl 
Acad Sci U S A 97: 2881–2885.  
Miladi-Gorji H, Rashidy-Pour A, Fathollahi Y, Akhavan MM, Samnanian S, Safari M 
(2011) Voluntary exercise ameliorates cognitive deficits in morphine dependent rats: 
The role of hippocampal brain-derived neurotrophic factor. Neurobiol Learn Mem. 96: 
479-491. 
 
Minichiello L, Calella AM, Medina DL, Bonhoeffer T, Klein R, Korte M (2002) 
Mechanism of TrkB-mediated hippocampal long-term potentiation. Neuron 36:121-137. 
 
Mizuno M, Yamada K, Olariu A, Nawa H, Nabeshima T (2000) Involvement of brain-
derived neurotrophic factor in spatial memory formation and maintenance in a radial 
arm maze test in rats.  J Neurosci. 20: 7116-21. 
 168  
 
Molteni R, Ying Z, Gómez-Pinilla F (2002) Differential effects of acute and chronic 
exercise on plasticity-related genes in the rat hippocampus revealed by microarray. Eur 
J Neurosci 16:1107–1116.  
Mora F, Segovia G, del Arco A (2007) Aging, plasticity and environmental enrichment: 
Structural changes and neurotransmitter dynamics in several areas of the brain. Brain 
Res Rev. 55: 78-88. 
 
Morales-Garcia JA, Susin C, Alonso-Gil S, Perez DI, Palomo V, Peres C, Conde S, 
Santos A, Gil C, Mrtinez A, Perez-Castillo A (2013) Glycogen Synthase Kinase-3 
Inhibitors as Potent Therapeutic Agents for the Treatment of Parkinson’s Disease. ACS 
Chem Neuorsci. 4: 350-360. 
 
Moser MB, Trommald M, Andersen P (1994) An increase in dendritic spine density on 
hippocampal CA1 pyramidal cells following spatial learning in adult rats suggests the 
formation of new synapses. Proc Natl Acad Sci U S A. 91: 12673-12675. 
Mowla SJ, Farhadi HF, Pareek S, Atwal JK, Morris SJ, Seidah NG, Murphy RA (2001) 
Biosynthesis and post-translational processing of the precursor to brain-derived 
neurotrophic factor. J Biol Chem. 276: 12660-12666. 
Moyer JR, Thompson LT, Disterhoft JF (1996) Trace eyeblink conditioning increases 
CA1 excitability in a transient and learning-specific manner. J Neurosci 16: 5536–5546.  
Mu JS, Li WP, Yao ZB, Zhou XF (1999) Deprivation of endogenous brain-derived 
neurotrophic factor results in impairment of spatial learning and memory in adult rats. 
Brain Res. 835: 259-265. 
Mukai F, Ishiguro K, Sano Y, Fujita SC (2002) Alternative splicing isoform of tau protein 
kinase I/glycogen synthase kinase 3β. J Neurochem 81: 1073-1083. 
Mychasiuk R, Muhammad A, Kolb B (2014) Environmental Enrichment alters structural 
plasticity of the adolescent brain but does not remediate the effects of prenatal nicotine 
exposure. Synapse in press  
Myers V, McVay M (2013) Exercise Training and Quality of Life in Individuals With Type 
2 Diabetes: A randomized controlled trial. Diabetes Care. 36: 1884-1890  
Nagappan G, Zaitsev E, Senatorov VV Jr., Yang J, Hempstead BL, Lu B (2009) Control 
of extracellular cleavage of ProBDNF by high frequency neuronal activity. Proc Natl 
Acad Sci USA. 106: 1267-1272. 
 
Neeper SA, Gomez-Pinilla F, Choi J, Cotman C (1995) Exercise and brain  
neurotrophins. Brain Res. 726:49-56. 
 
 
 169  
 
Neeper S, Gomez-Pinilla F, Choi J, Cotman C (1996) Physical activity increase mRNA 
for brain derived neurotrophic factor and nerve growth factor in the rat brain, Nature 
373: 109. 
Newman LA, Korol DL, Gold PE (2011) Lactate produced by glycogenolysis in 
astrocytes regulates memory processing. PLoS ONE 6: e28427.  
Nilsson M, Perfilieva E, Johansson U, Orwar O, Eriksson PS (1999) Enriched 
environment increases neurogenesis in the adult rat dentate gyrus and improves spatial 
memory. J Neurobiol 39: 569-578. 
Numakawa T, Suzuki S, Kumamaru Adachi N, Richards M, Kunugi H (2010) BDNF 
function and intracellular signaling in neurons. Histol Histopathol. 25: 237-58 
O’Callaghan RM, Ohle R, Kelly AM (2007) The effects of forced exercise on 
hippocampal plasticity in the rat: A comparison of LTP, spatial- and non-spatial learning. 
Behav Brain Res 176:362-366. 
Oh MM, Kuo AG, Wu WW, Sametsky EA, Disterhoft JF (2003) Watermaze learning 
enhances excitability of CA1 pyramidal neurons. J Neurophysiol 90: 2171–2179.  
Olesen PJ, Westerberg H, Klingberg T (2004) Increased prefrontal and parietal activity 
after training of working memory. Nat Neurosci 7: 75–79.  
Oliff HS, Berchtold NC, Isackson P, Cotman CW (1998) Exercise-induced regulation of 
brain-derived neurotrophic factor (BDNF) transcripts in the rat hippocampus. Brain Res 
Mol Brain Res 61:147–153.  
Ortega F, Perez-Sen R, Morente V, Delicado EG, Miras-Portugal MT (2010)  
P2X7, NMDA and BDNF receptors converge on GSK3 phosphorylation and cooperate 
to promote survival in cerebellar granule neurons. Cell Mol Life Sci. 67:1723-1733. 
Owen AM, Hampshire A, Grahn JA, Stenton R, Dajani S, Burns AS, Howard, RJ, 
Ballard CG (2010) Putting brain training to the test. Nature 465: 775–778.  
Packard MG, McGaugh JL (1996) Inactivation of hippocampus or caudate nucleus with 
lidocaine differentially affects expression of place and response learning. Neurobiol 
Learn Mem. 65: 65-72. 
 
Pang PT, Teng HK, Zaitsev E, Woo NT, Sakata K, Zhen S, Teng KK< Yung WH, 
Hempstead BL, Lu B (2004) Cleavage of proBDNF by tPA/plasmin is essential for long-
term hippocampal plasticity. Science 306:487-491. 
 
Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC, Kandel ER (1996) Recombinant 
BDNF rescues deficits in basal synaptic transmission and hippocampal LTP in BDNF 
knockout mice. Neuron. 16: 1137-1145. 
 170  
 
Patterson SL, Grover LM, Schwartzkroin PA, Bothwell M (1992) Neurotrophin 
expression in rat hippocampal slices: a stimulus paradigm inducing LTP in CA1 evokes 
increases in BDNF and NT-3 mRNAs. Neuron 9: 1081–1088.  
Patterson SL, Pittenger C, Morozov A, Martin KC, Scanlin H, Drake C, Kandel ER 
(2001) Some Forms of cAMP-Mediated Long-Lasting Potentiation Are Associated with 
Release of BDNF and Nuclear Translocation of Phospho-MAP Kinase. Neuron 32: 123-
40. 
 
Paxinos G, Watson C (1986) The brain in stereotaxic coordinates. Academic Press, 
North Ryde, NSW, Australia. 
Pedersen BK, Pedersen M, Krabbe KS, Bruunsgaard H, Matthews VB, Febbraio MA 
(2009) Role of exercise-induced brain-derived neurotrophic factor production in the 
regulation of energy homeostasis in mammals. Exp Physiol 94:1153–1160.  
Peineau S, Taghibiglou C, Bradley C, Wong TP, Liu L, Lu J, Lo E, Wu D, Saule E, 
Bouschet T, Matthews P, Isaac JT, Bortolotto ZA Wang YT, Collingridge GL (2007) LTP 
inhibits LTD in the hippocampus via regulation of GSK3beta. Neuron 53: 703-717. 
Penedo FJ, Dahn JR (2005) Exercise and well-being: a review of mental and physical 
health benefits associated with physical activity. Curr Opin Psychiatry 18:189–193.  
Pereira AC, Huddleston DE, Brickman AM, Sosunov AA, Hen R, McKhann GM, Sloan 
R, et al. (2007) An in vivo correlate of exercise-induced neurogenesis in the adult 
dentate gyrus. Proc Natl Acad Sci USA 104:5638–5643. 
Petrosini L, De Bartolo P, Foti F, Gelfo F, Cultuli D, Leggio MG, Mandolesi L (2009) On 
whether the environmental enrichment may provide cognitive and brain reserves. Brain 
Res Rev. 61: 221-239 
 
Phillips HS, Hains JM, Armanini M, Laramee GR, Johnson SA, Winslow JW (1991) 
BDNF mRNA is decreased in the hippocampus of individuals with Alzheimer’s disease. 
Neuron. 7: 695-702. 
Phillips HS, Hains JM, Laramee GR, Rosenthal A, Winslow JW (1990) Widespread 
expression of BDNF but not NT3 by target areas of basal forebrain cholinergic neurons. 
Science 250: 290–294.  
Pisani SL, Jung VE, Korol DL (2012) Site- and task-specific ERK activation  
following genistein treatment corresponds to temporal aspects of learning.  42nd Annual 
meeting for the Society for Neuroscience, Society for Neuroscience Abstracts 38, 
916.19. 
 
 
 
 171  
 
Poldrack RA, Packard MG (2003) Competition among multiple memory systems: 
converging evidence from animal and human brain studies Neurophysochologia 41: 
245-251.  
 
Ponce-Lopez T, Liy-Salmeron G, Hong E, Meneses A (2011) Lithium, phenserine, 
memantine and pioglitazone reverse memory deficit and restore phospho-GSK3β 
decreased in hippocampus in intracerebroventricular streptozotocin induced memory 
deficit model. Brain Res. 1426: 73-85. 
 
Pych JC, Chang Q, Colon-Rivera C, Gold PE (2005) Acetylcholine release in 
hippocampus and striatum during testing on a rewarded spontaneous alternation task. 
Neurobiol Learn Mem 84: 93-101 
 
Pych JC, Chang Q, Colon-Rivera C, Haag R, Gold PE (2005) Acetylcholine release in 
the hippocampus and striatum during place and response learning. Learn Mem 12: 564-
572. 
 
Qi Z, Gold PE (2009) Intrahippocampal infusions of anisomycin produce amnesia: 
Contribution of increased release of norepinephrine, dopamine, and acetylcholine. 
Learn Mem. 16: 308-14. 
 
Ragozzino ME, Pal SN, Unick K, Stefani MR, Gold PE (1998) Modulation of 
hippocampal acetylcholine release and of memory by intrahippocampal glucose 
injections. J Neurosci. 18: 1595-1601. 
 
Rasmussen P, Brassard P, Adser H, Pedersen MV, Leick L, Hart E, Secher NH,  
Pedersen BK, Pilegaard H (2009) Evidence for a release of brain-derived neurotrophic 
factor from the brain during exercise. Exp Physiol. 94: 1062-1069 
 
Riley KP, Snowden DA, Desrosiers MF, Markesbery WR (2005) Early life linguistic 
ability, late life cognitive function, and neuropathology: findings from the Nun Study. 
Neurobiol Aging 26:341-347. 
 
Rose CR, Blum R, Pichler B, Lepier A, Kafitz KW, Konnerth A (2003) Truncated TrkB-
T1 mediates neurotrophin-evoked calcium signalling in glia cells. Nature 426: 74-78. 
Rosenzweig MR, Bennett EL (1996) Psychobiology of plasticity: effects of training and 
experience on brain and behavior. Behav Brain Res. 78: 57-65. 
Roux PP, Dorval G, Boudreau M, Angers-Loustau A, Morris SJ, Makkerh J, Barker PA 
(2002) K252a and CEP1347 are neuroprotective compounds that inhibit mixed-lineage 
kinase-3 and induce activation of Akt and ERK. J Biol Chem 277:49473–49480.  
Rubinfeld B, Albert I, Porifi E, Fiol C, Munemitsu S, Polakis P (1996)  
Binding of GSK3beta to the APC-beta-catenin complex and regulation of complex 
assembly. Science 272: 1023-1026. 
 172  
 
Russo-Neustadt A, Ha T, Ramirez R, Kesslak JP (2001) Physical activity-
antidepressant treatment combination: impact on brain-derived neurotrophic factor and 
behavior in an animal model. Behav Brain Res 120:87–95.  
Sadowski RN, Canal CE, Gold PE (2011) Lidocaine attenuates anisomycin-induced 
amnesia and release of norepinephrine in the amygdala. Neurobiol Learn Mem. 96:136-
42. 
Saito S, Kobayashi S, Ohashi Y, Igarashi M, Komiya Y, Ando S (1994) Decreased 
synaptic density in aged brains and its prevention by rearing under enriched 
environment as revealed by synaptophysin contents. J Neurosci Res. 39: 57-62. 
Sala R, Viegi A, Rossi FM, Pizzorusso T, Bonanno G, Raiteri M, Maffei L (1998) Nerve 
growth factor and brain-derived growth factor increase neurotransmitter release in the 
rat visual cortex. Eur J Neurosci. 10: 2185-2191. 
Sarret P, Krzywkowski P, Segal L, Nielsen MS, Petersen CM, Mazella J, Stroh T, 
Beaudet A (2003) Distribution of NTS3 receptor/sortilin mRNA and protein in the rat 
central nervous system. J Comp Neurol. 461:483-505. 
Sanchez C, Galve-Roperh I, Rueda D, Guzman M (1998) Involvement of sphingomyelin 
hydrolysis and the mitogen-activated protein kinase cascade in the Delta9-
tetrahydrocannabinol-induced stimulation of glucose metabolism in primary astrocytes. 
Mol Pharmacol 54:834-843. 
Santafe MM, Garcia N, Tomas M, Obis T, Lanuza MA, Besalduch N, Tomas J (2014) 
The interaction between tropomyosin-related kinase B receptor s and serine kinases 
modulates acetylcholine release in adult neuromuscular junctions. Neurosci Lett. 
561:171-175. 
Scharfman H, Goodman J, Macleod A, Phani S, Antonelli C, Croll S (2005) Increased 
neurogenesis and the ectopic granule cells after intrahippocampal BDNF infusion in 
adult rats. Exp Neurol 192: 348–356.  
Schmidt HD, Duman RS (2010) Peripheral BDNF produces antidepressant-like effects 
in cellular and behavioral models. Neuropsychopharmacology 35: 2378–2391.  
Schmiedek F, Lövdén M, Lindenberger U (2010) Hundred Days of Cognitive Training 
Enhance Broad Cognitive Abilities in Adulthood: Findings from the COGITO Study. 
Front Aging Neurosci 2: 10.  
Schratt GM, Nigh EA, Chen WG, Hu L, Greenberg ME (2004) BDNF Regulates the 
Translation of a Select Group of mRNAs by a Mammalian Target of Rapamycin-
Phosphatidylinositol 3-Kinase-Dependent Pathway during Neuronal Development. J 
Neurosci 24: 7366-7377. 
 
 173  
 
Schwabitz WR, Berger C, Kollmar R, Seitz M, Tanay E, Kiessling M, Schwab S, 
Sommer C. Effect of brain-derived neurotrophic factor treatment and forced arm use on 
functional motor recovery after small cortical ischemia. Stroke 35: 992-997. 
 
Schwartz N, Schohl A, Ruthazer ES (2011) Activity-dependent transcription of  
BDNF enhances visual acuity during development. Neuron 70: 455-467. 
 
Seidah NG, Benjannet S, Pareek S, Chretien M, Murphy MA (1996) Cellular processing 
of the neurotrophin precursors of NT3 and BDNF by the mammalian proprotein 
convertases. FEBS Lett. 379: 247-250. 
 
Sereno L, Coma M, Rodriguez M, Sanchez-Ferrer P, Sanchez MB, Gich I, Aquilo JM, 
Perez M, Avila J, Guardia-Laquarta C, Clarimon J, Lleo A, Gomez-Isla T (2009) A novel 
GSK-3beta inhibitor reduces Alzheimer's pathology and rescues neuronal loss in vivo. 
Neurobiol Dis. 35: 359-67. 
Shippenberg TS, Thompson AC (2001) Overview of microdialysis. Curr Protoc 
Neurosci. Chapter 7:Unit 7.1 
Shirayama Y, Chen AC-H, Nakagawa S, Russell DS, Duman RS (2002) Brain-derived 
neurotrophic factor produces antidepressant effects in behavioral models of depression. 
J Neurosci 22:3251–3261. 
Sirevaag AM, Black JE, Shafron D, Greenough WT (1988) Direct evidence that  
complex experience increases capillary branching and surface area in visual cortex of 
young rats. Brain Res. 471: 299-304. 
 
Studenski S, Carlson MC, Filit H, Greenough WT, Kramer A, Rebok GW (2006)  
From bedside to bench: does mental and physical activity promote cognitive vitality in 
late life? Sci Aging Knowledge Environ. 2006: pe21. 
Sutherland C (2011) What are the bona fide GSK3 substrates? Int J Alzheimers      Dis. 
2011: 505607. 
Takashima A (2006) GSK-3 is essential in the pathogenesis of Alzheimer’s disease. J 
Alzheimer’s Dis. 9: 309-317. 
Tapia-Arancibia L, Aliaga E, Silhol M, Arancibia S (2008) New insights into brain BDNF 
function in normal aging and Alzheimer disease. Brain Res Rev. 59: 201-20. 
Tapley P, Lamballe F, Barbacid M (1992) K252a is a selective inhibitor of the tyrosine 
protein kinase activity of the trk family of oncogenes and neurotrophin receptors. 
Oncogene 7:371–381.  
 174  
 
Tees RC (1999) The Influences of Sex, Rearing Environment, and Neonatal Choline 
Dietary Supplementation on Spatial and Nonspatial Learning and Memory in Adult Rats. 
Dev Psychobiol. 35: 328-342. 
 
Tolman EC (1949) There is more than one kind of learning. Psychol Rev 56: 144-155. 
 
Toscano CD, McGlothan JL, Guilarte TR (2006) Experience-dependent  
regulation of zif268 gene expression and spatial learning. Exp Neurol. 200: 209-15. 
 
Twomey B, Muid RE, Dale MM (1990) The effect of putative protein kinase C inhibitors, 
K252a and staurosporine, on the human neutrophil respiratory burst activated by both 
receptor stimulation and post-receptor mechanisms. Br J Pharmacol 100:819-825. 
 
Tyler WJ, Alonso M, Bramham CR, Pozzo-Miller LD (2002) From Acquisition to 
Consolidation: On the Role of Brain-Derived Neurotrophic Factor Signaling in 
Hippocampal-Dependent Learning. Learn Mem. 9: 224-237. 
 
Tyler WJ, Pozzo-Miller LD (2001) BDNF Enhances Quantal Neurotransmitter Release 
and Increases the Vesicles at the Active Zones of Hippocampal Excitatory Synapses. J 
Neurosci. 21:4249-4258. 
 
Valvezan AJ, Klein PS (2012) GSK-3 and Wnt Signaling in Neurogenesis and Bipolar 
Disorder. Front Mol Neurosci. 5: 1. 
 
Van der Borght K, Havekes R, Bos T, Eggen BJL, Van der Zee E (2007)  
Exercise improves memory acquisition and retrieval in the Y maze task:  
relationship with hippocampal neurogenesis. Behav Neurosci. 121: 324-334. 
van Praag H (2008) Neurogenesis and exercise: past and future directions. 
Neuromolecular Med 10: 128–140.  
van Praag H, Kempermann G, Gage FH (1999) Running increases cell proliferation and 
neurogenesis in the adult mouse dentate gyrus. Nat Neurosci 2: 266–270.  
van Praag H, Kempermann G, Gage FH (2000) Neural consequences of  
environmental enrichment. Nat Rev Neurosci. 1:191-198. 
van Praag H, Shubert T, Zhao C, Gage FH (2005) Exercise enhances learning and 
hippocampal neurogenesis in aged mice. J Neurosci 25: 8680–8685.  
Vaynman S, Ying Z, Gomez Pinilla F (2003) Interplay between brain-derived 
neurotrophic factor and signal transduction modulators in the regulation of the effects of 
exercise on synaptic-plasticity. Neuroscience 122: 647-657. 
 
Vaynman S, Ying Z, Gomez-Pinilla F (2004) Hippocampal BDNF mediates the efficacy 
of exercise on synaptic plasticity and cognition. Eur J Neurosci. 20: 2580-2590. 
 175  
 
Vaynman S, Ying Z, Gómez-Pinilla F (2004) Exercise induces BDNF and synapsin I to 
specific hippocampal subfields. J Neurosci Res 76: 356–362.  
Vaynman SS, Ying Z, Yin D, Gomez-Pinilla F (2006) Exercise differentially regulates 
synaptic proteins associated to the function of BDNF. Brain Res 1070: 124–130.  
Vaynman S, Ying Z, Gomez-Pinilla F (2007) The select action of hippocampal calcium 
calmodulin protein kinase II in mediating exercise-enhanced cognitive function. 
Neuroscience 144: 825–833.  
Ventriglia M, Bocchio Chiavetto L, Benussi L, Binetti G, Zanetti O, Riva MA, Gennarelli 
M (2002) Association between the BDNF 196 A/G polymorphism and sporadic 
Alzheimer's disease. Mol Psychiatry 7: 136-137. 
 
Volkmar FR, Greenough WT (1972)  Rearing complexity affects branching of  
dendrites in the visual cortex of the rat. Science. 176: 1445–1447.  
 
Wagner U, Utton M, Gallo JM, Miller CC (1996) Cellular phosphorylation of tau by GSK-
3 beta influences tau binding to microtubules and microtubule organization. J Cell Sci. 
109: 1537-1543. 
 
Wilson RS, Scherr PA, Schneider JA, Tang Y, Bennett DA (2007) Relation of cognitive 
activity to risk of developing Alzheimer’s disease. Neurology 69: 1911-1920. 
 
Wong-Goodrich SJ, Pfau ML, Flores CT, Fraser JA, Williams CL, Jones LW (2010) 
Voluntary running prevents progressive memory decline and increases adult 
hippocampal neurogenesis and growth factor expression after whole-brain irradiation. 
Cancer Res 70: 9329-9338. 
 
Yamada M, Ohnishi H, Sano S, Nakatani A, Ikeuchi T, Hatanaka H (1997) Insulin  
Receptor Substrate (IRS)-1 and IRS-2 Are Tyrosine-phosphorylated and Associated 
with Phosphatidylinositol 3-Kinase in Response to Brain-derived Neurotrophic Factor in 
Cultured Cerebral Cortical Neurons. J Biol Chem. 272: 30334-30339. 
Yamada M, Tanabe K, Wada K, Shimoke K, Ishikawa Y, Ikeuchi T, Koizumi S, 
Hatanaka H (2001) Differences in survival-promoting effects and intracellular signaling 
properties of BDNF and IGF1 in cultured cerebral cortical neurons. J Neurochem. 78: 
940-51. 
Yamanaka M, Tsuchida A, Nakagawa T, Nonomura T, Ono-Kishino M, Sugaru E, 
Noguchi H, et al. (2007) Brain-derived neurotrophic factor enhances glucose utilization 
in peripheral tissues of diabetic mice. Diabetes Obes Metab 9: 59–64.  
Yan Q, Radeke MJ, Matheson CR, Talvenheimo J, Welcher AA,  Feinstein SC (1997) 
Immunocytochemical localization of TrkB in the Central Nervous System of the Adult 
Rat. J Comp Neurol 157: 135–157.  
 176  
 
Yan Q-S, Zheng S-Z, Yan S-E (2004) Prenatal cocaine exposure decreases brain-
derived neurotrophic factor proteins in the rat brain. Brain Res 1009: 228–233 
Yang J, Siao C-J, Nagappan G, Marinic T, Jing D, McGrath K, Chen Z-Y, Mark W, 
Tessarollo L, Lee FS, Lu B, Hempstead BL (2009) Neuronal release of proBDNF. Nat 
Neurosci. 12:113-115. 
 
Yeshenko O, Guazzelli A, Mizumori SJY (2004) Context-Dependent Reorganization of 
Spatial and Movement Representations by Simultaneously Recorded Hippocampal and 
Striatal Neurons During Performance of Allocentric and Egocentric Tasks. Behav 
Neuorsci. 118: 751-769. 
 
Yin Y, Edelman GM, Vanderklish PW (2002) The brain-derived neurotrophic factor 
enhances synthesis of Arc in synaptoneurosomes. Proc Natl Acad Sci U S A 99: 2368-
2373. 
 
Yoshimoto Y, Lin Q, Collier TJ, Frim DM, Breakefeild XO, Bohn MC (1995) Astrocytes 
retrovirally transduced with BDNF elicit behavioral improvement in a rat model of 
Parkinson's disease. Brain Res 691: 25-36. 
 
Zafra F, Hengerer B, Leibrock J, Thoenen H, Lindholm D (1990) Activity dependent 
regulation of BDNF and NGF mRNAs in the rat hippocampus is mediated by non-NMDA 
glutamate receptors. EMBO J, 9: 3545-50. 
Zage PE, Graham TC, Zeng L, Fang W, Pien C, Thress K, Omer C, Brown JL, Zweidler-
McKay PA (2011) The selective TrkB inhibitor AZ623 inhibits brain-derived neurotrophic 
factor –mediated neuroblastoma cell proliferation and signaling and is synergistic with 
topotecan. Cancer 117:1321-91. 
Zeng Y, Lv F, Li L, Yu H, Dong M, Fu Q (2012) 7,8-Dihydroxyflavone Rescues Spatial 
Memory and Synaptic Plasticity in Cognitively Impaired Aged Rats. J Neurochem. 122: 
800–11.  
Zuccato C, Cattaneo E (2009) Brain-derived neurotrophic factor in neurodegenerative 
diseases.  Nat Rev Neurol. 5: 311-322. 
Zurkovsky L, Brown SL, Korol DL (2006) Estrogen modulates place learning through 
estrogen receptors in the hippocampus. Neurobiol Learn Mem. 86: 336–343.  
Zurkovsky L, Brown SL, Boyd SE, Fell JA, Korol DL (2007) Estrogen modulates learning 
in female rats by acting directly at distinct memory systems. Neuroscience 144: 26–37.  
Zurkovsky L, Serio SJ, Korol DL (2011)  Intrastriatal estradiol treatment impairs 
response learning within two hours of treatment. Horm Behav. 60: 470-477. 
 
